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LIGNES DE TRANSMISSION LTCC ET COMPOSANTS PASSIFS AVANCÉS,
COMPACTS, ET À FAIBLE PERTE, POUR LES APPLICATIONS MICRO-ONDE ET
ONDES MILLIMÉTRIQUES
Aria ISAPOUR
RÉSUMÉ
La tendance est, aujourd’hui, à rendre accessible un maximum de services, à partir d’un petit
appareil à faible puissance. Ce besoin incite à l’utilisation du large spectre disponible dans la
bande des ondes millimétriques, ce qui place les techniques de miniaturisation et d’intégrations,
au centre de la problématique. Le niveau d’intégration nécessaire pour supporter plusieurs ban-
des (micro-onde et millimétriques) pose des déﬁs de taille en termes de performance, de con-
sommation, de la transparence des interconnections électriques et du nombre de composants
passifs que l’on pourrait intégrer dans un volume restreint. La technologie multicouche LTCC
(Low Temperature Co-ﬁred Ceramic) est un procédé de fabrication ﬂexible et mature qui offre
des solutions d’intégration et d’empaquetage de qualité capables de relever ces déﬁs et garantir
les niveaux requis de performances électrique, thermique et mécanique.
L’objectif de cette thèse est de s’attaquer à certains de ces déﬁs technologiques en introduisant
de nouvelles structures qui permettent d’améliorer les performances relativement aux solutions
connues et publiées. Pour quelques cas particuliers, des techniques de fabrication innovantes
sont proposées pour permettre la réalisation de structures à très faibles pertes dans les bandes
des micro-ondes et des ondes millimétriques.
Pour la bande des micro-ondes, un nouveau groupe d’éléments localisés est proposé pour une
intégration LTCC. Dans cette conception, des cavités d’air internes sont utilisées et une struc-
ture nouvelle est introduite aﬁn de réaliser des conducteurs suspendus. Ces composants sus-
pendus améliorent considérablement les performances en termes de facteur de qualité Q et
de fréquence de résonance SRF si l’on compare aux travaux rapportés dans la littérature. De
plus, ces composants aux performances supérieures ont permis la réalisation, avec succès, du
premier ﬁltre à éléments localisés en LTCC, dans la bande Ku.
Pour la bande des ondes millimétriques, le focus est mis sur la réalisation et l’utilisation des
guides d’ondes intégrés dans la céramique. Des structures évidées en LTCC ont été réalisées
pour servir de guides d’ondes intégrés à très faible perte opérant à 60 GHz. Dans le même
cadre, une nouvelle structure est proposée pour servir de transition entre une ligne de trans-
mission coplanaire et un guide d’onde LTCC. Cette transition présente l’avantage d’être plus
courte que les transitions existantes tout en offrant de meilleures performances. De plus, une
nouvelle structure de guidage, baptisée : “Guide d’onde LTCC intégré verticalement” est pro-
posée pour permettre des chemins de transmission hors-plan et ainsi transférer le signal vers
une direction perpendiculaire à la surface. Plusieurs modèles de ce nouveau guide d’ondes sont
réalisés pour couvrir diffèrents types d’applications. En outre, un diviseur de puissance dans le
plan E, un coupleur et un ﬁltre sont conçus et réalisés puis mesurés avec succès dans la bande
V.
XMots clés: LTCC, Passifs intégrés, Éléments localisés, LIW, E-LIW, SIW, Onde-millimétrique,
Filtre
ADVANCED LOW-LOSS AND COMPACT LTCC TRANSMISSION LINES AND
PASSIVE COMPONENTS FOR MICROWAVE AND MILLIMETER-WAVE
APPLICATIONS
Aria ISAPOUR
ABSTRACT
The trend to include as many services as possible in small low power devices, along with the
necessity of supporting the broad available spectrum at millimeter-wave frequencies bring to
attention the importance of the minimization and integration techniques, particularly at high
frequencies. The level of integration that is needed to include many bands at microwave
and millimeter-wave frequencies poses stringent challenges in terms of high performance, low
power consumption, transparent transitions and interconnections, and the number of required
embedded passive components. Low temperature co-ﬁred ceramic multilayer technology with
its ﬂexible and mature fabrication process provides unique and superior solutions to design
highly integrated circuits and address the aforementioned challenges.
In light of the above discussion, our objective in this thesis is to address some of the above
challenges by improving the performance of the state of the art designs and also by introducing
new structures. To reach to this end we also modiﬁed and advanced the fabrication techniques
to make it possible to realize ultra low-loss structures both at microwave and millimeter-wave
frequencies.
At microwave frequencies, we proposed a new set of LTCC integrated lumped elements. In
our designs, we have used inner air-cavities and a novel structure to make the conductors
suspended. These suspended components show signiﬁcantly better performance in terms of
both Q and SRF compared to the previously reported works. Furthermore, with the aid of these
enhanced performance components, we have fabricated and successfully measured an LTCC
lumped element ﬁlter at Ku-band for the ﬁrst time.
At millimeter-frequencies, we have focused on LTCC integrated waveguides. An empty LTCC
integrated waveguide has been fabricated to realize ultra low-loss integrated waveguide at 60
GHz. Also, a novel transition from this transmission line to coplanar waveguides has been
proposed. This transition is signiﬁcantly shorter than other reported transitions while it shows
better performance. In addition, a novel guiding structure called vertical LTCC integrated
waveguide has been proposed which allows us to design out-of-plane structures and also trans-
fer signal in the perpendicular direction to the surface. A complete set of waveguide building
blocks have been realized for this new transmission line. Furthermore, an E-plane power di-
vider, a coupler, and a ﬁlter have been fabricated and successfully measured at V-band.
Keywords: LTCC, Integrated passives, Lumped elements, LIW, E-LIW, SIW, Millimeter-
wave, Filter
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INTRODUCTION
In recent years, there has been a great deal of interest in miniaturized low-loss circuits which
can work in small hand-held devices with limited available power. The trend to integrate as
many services as possible in these devices, and also the necessity to be prepared for upcoming
services impel designers to include circuits working at different bands in a single unit. For
instance, a new smartphone or tablet design is expected to not only support current services
like GSM, LTE, GPS and Wi-Fi at microwave frequencies, but also it has to include millimeter-
wave bands for upcoming technologies like 5G at 28-40 GHz and wireless ad at 60 GHz. This
will require a technology which can offer a high level of integration with excellent performance
and also provide such a low-cost solution to be present in end-user devices. System on Chip
(SoC) has been introduced in the late 90s to integrate all signal processing subsystems in a
single silicon chip. However, the integration of analog and RF circuits on a silicon chip could be
challenging. The dissimilarity of RF and digital logic circuitry enforces extra steps during the
fabrication process which ultimately leads to the increase of design complexity and fabrication
cost. A multi-chip module (MCM) with a combination of printed lines and ball grid array
(BGA) interconnections offers an alternative solution to the restriction of integrating different
components on the same chip. Using MCM, it is possible to integrate RF, optical and digital
chips with different technologies in a single module. However, embedded thin-ﬁlms is not
still available in MCM, and certain components need their own package which leads to the
presence of a relatively bulky system board. An alternative solution for the miniaturized system
is offered by the System in Package (SiP) technique. In SiP, the packaged or bare chips are
stacked up on top of each other to provide a 3D integrated module. However, it still needs
bulky passive components and a conventional system board. System on Package (SoP) has
emerged to address the challenges of other miniaturized technologies discussed here. In SoP,
all subunits share a common multilayer substrate/package. In addition, the passive integration
is available in SoP. It means that all passive circuits like matching networks, ﬁlters, and antenna
2can directly be realized in the package substrate and unlike the surface mounted devices (SMD)
there is no more need to have individual packages for each component. This converts passive
components to bare thin-ﬁlm components which are in the order of magnitude smaller than the
packaged ones. Also, it is possible to avoid the bulky packages of integrated circuits (IC) and
use their core chip in the SoP package. Moreover, the multilayer nature of the SoP concept
allows realizing the circuits and interconnection both in-plane and out-of-plane between layers
which ultimately make an ultra high density package available and reduce the footprint area,
signal routing length and the associated delay and power consumption.
To realize all mentioned capabilities of SoP, both ceramic and organic multilayer technologies
are a candidate for 3D integration at microwave and millimeter-wave frequencies. However, a
ceramic technology like low temperature co-ﬁred ceramic (LTCC) has been considerably more
used in packaging industry since it has a more mature and stable process compared to organic
solutions like liquid crystal polymer technology (LCP). The combination of relatively high
permittivity low-loss dielectrics and high conductivity metals like silver and gold make LTCC
a well-suited technology for integration and miniaturization of 3D embedded circuits which
signiﬁcantly reduces module and package dimensions. In the following sections, we describe
the main problems, our objectives, the applied methodology, the achieved results and thesis
content.
0.1 Motivation and Challenges
As it has been discussed above, LTCC is a very promising technology to realize 3D SoP con-
cepts. However, there is still room to develop LTCC capabilities to cover more kinds of cir-
cuitry and also to provide more suitable solutions to meet requirements for upcoming technolo-
gies at higher frequencies. At microwave frequencies and below, LTCC is widely used to make
lumped element components to integrate passive circuits inside the package. This reduces
the size of components and also makes it possible to have compact multi-functional circuits
3which ultimately lead to a signiﬁcant reduction of circuits’ size and weight. LTCC integrated
lumped elements have better quality factor compared to lumped elements integrated by other
technologies like Monolithic Microwave Integrated Circuit (MMIC). However, the circuits re-
alized with these components still suffer from having more loss compared to bulky distributed
planar circuits. Thus, improving the quality factor of these lumped components is of interest
to provide solutions for circuits which need to be compact and low loss. Furthermore, till now,
LTCC lumped element circuits were limited to work under 6 GHz. There are two main reasons
which impose this limit, the ﬁrst one is the self-resonance frequency of lumped components
and the second one is the total size of the circuit which should typically be in the order of mag-
nitude smaller than lambda to provide acceptable results as a lumped element circuit. There is
continuing research to overcome these challenges to broaden the frequency range for which it
is possible to design LTCC integrated lumped circuits.
In millimeter-wave frequencies, there are different challenges. In this range, lumped compo-
nents are not applicable at all, and as we go to the higher frequencies, even the planar transmis-
sion lines like coplanar waveguides and microstrip become lossy. It has already been shown
that substrate integrated waveguide (SIW) is a promising alternative at millimeter-wave fre-
quencies. SIW encompasses the conventional waveguide’s advantage of having a lower level
of loss and also provide the easy integration capability of printed transmission lines. SIW, like
any other structure, is not perfect and it has its own problems and challenges as well. Unlike
the conventional rectangular waveguide, SIW is dielectric ﬁlled, and consequently, it suffers
from having more dielectric loss compared to air-ﬁlled waveguides. Since in millimeter-wave
frequencies and above, the dielectric loss is the dominant term in the loss performance, it is
particularly of interest in these frequencies to eliminate or reduce dielectric loss and enhance
SIW’s loss performance. Moreover, a set of vias are required to structure SIW’s side walls as
well as discontinuities for applications like iris ﬁlters. As the operation frequency goes higher,
the required spacing for adjacent vias becomes challenging and at terahertz frequencies, it is
4almost impossible to be fabricated with the current standard ceramic fabrication process. Fur-
thermore, the realization of E-plane structures, which is quite easy with conventional waveg-
uides, is challenging with a conventional SIW structure and standard fabrication process. In
this applications, the metallic rectangular waveguides are still widely used as an H-plane to
E-plane transition. Also, SIW lines, compared to the other printed transmission lines, usually
occupy more footprint area to form a similar circuit functionality. This leads to a signiﬁcant
reduction of available space for potential active components which can only be mounted on
the surface. A multilayer fabrication technology like LTCC introduces considerable ﬂexibil-
ity in the design of SIW circuits and it can be used to address all these challenges. Thus, it
is of importance to develop and advance the multilayer ceramic fabrication techniques to im-
prove the performance of current transmission lines, and also to design and realize new guiding
structures to enhance the performance of millimeter-wave LTCC circuits.
0.2 Objectives
This research has been undertaken at Laboratoire de Communications et d’Intgration de la
Microlectronique (LACIME), a leading research center which provides solutions for LTCC
packaging and circuit component implementation. The objective of this thesis are to advance
the state of the art techniques to realize low-loss, 3D and compact LTCC circuits at microwave
and millimeter-wave frequencies. The prerequisites to accomplish this objective is to improve
the performances of current guiding structures and also introduce new low-loss transmission
lines which enable us to design new components and to interconnect efﬁciently in a 3D manner.
The speciﬁc research objectives to this end are as follows:
• Investigate possible solutions to improve the performance of lumped element components
at microwave frequencies.
5• Broaden the frequency range in which the lumped components are applicable to reduce
circuit size at microwave frequencies.
• Explore the solutions to implement low-loss transmission lines at millimeter-wave frequen-
cies.
• Investigate potential guiding structures to transfer signal vertically to the LTCC buried
layers.
• Design 3D low-loss components in LTCC at millimeter-wave frequencies to reduce the size
and make circuits more compact.
0.3 Methodology
The design procedure to realize microwave and millimeter-wave circuits usually starts from a
circuit model and then involves full-wave electromagnetic modeling. Next, the performances
of designed circuits are tested through a fabrication and measurement process. In all these
steps, especially for circuits at millimeter-wave frequencies, the designed parameters and also
fabrication process might need optimization. However, as it can be seen in Fig. 0.1, com-
plexity, accuracy and the required time to modify and optimize a design are different at these
steps. While the optimization of a parameter in an analytical model could be very fast, the
modiﬁcation of a fabricated circuit is a time consuming and costly process and in many cases
needs to re-fabricate the entire circuit. Thus, it is of interest to push the load of optimization
toward the earlier steps of realization procedure. This could be done by accurately identifying
the materials’ properties to increase the precision of modeling in full-wave EM simulators and
also by meticulously adjusting analytical and circuit models to better reﬂect the behavior of a
circuit. Based on this discussion, the necessary steps toward achieving the goal in each section
of the thesis are as follow:
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Figure 0.1 Circuit realization process
a. Design and simulation: In this step, the desired circuits have been designed and modeled.
Whenever an analytical model is available, it has been used to ﬁnd initial values for dif-
ferent circuit parameters like physical dimensions, coupling, resonances, etc. Afterward,
3D models of the designed circuits have been simulated using full-wave commercial soft-
ware and each component optimized to provide the best possible results. In certain cases,
using the simulation results, the analytical model has been modiﬁed to fully present our
special cases for future applications. The tools which have been used for analysis and
design models are mainly MATLAB and ADS to process analytical and circuit models,
and ANSYS Electronics and HFWorks to perform electromagnetic (EM) simulation and
optimization.
b. Fabrication: The designed components and circuits have been fabricated in LTCC. In
this step, the fabrication constraints have been considered, and in many cases, the cur-
7rent fabrication process has been upgraded, and new techniques have been developed to
provide better and more precise solutions to realize special ultra low-loss structures.
c. Test and validation: Each component has been tested after fabrication. Proper TRL cal-
ibration kits have been designed and fabricated for each substrate and circuit to remove
the impacts of probes and transitions. Furthermore, a Keysight PNA-X network analyzer
has been used to carry out the measurement. The results have been compared with EM
simulation results. In certain cases, when there was a divergence between results or fab-
rication process had imposed some limitations, the EM models have been modiﬁed based
on the measurement results and circuits have been re-fabricated and measured.
0.4 Thesis Contributions
The major contributions of this thesis are listed below:
a. In Chapter 1, we investigate solutions to improve the performance of lumped element
components realized in the LTCC substrate. We proposed a new structure to realize ﬂoat
conductors in LTCC. With the aid of these ﬂoated conductors and air-cavities under the
lumped components, we proposed suspended inductors and capacitors. The suspended
components show signiﬁcantly better loss performance compared to conventional lumped
elements integrated by LTCC in terms of both quality factor (Q) and self-resonance fre-
quency (SRF). Using this technique, several virtually suspended inductors and capacitors
have been fabricated and successfully measured. For inductors, we achieved a 23 percent
improvement for Q while SRF is increased by 70 percent. Furthermore, the designed sus-
pended capacitor shows at least 50 percent improvement for Q and slightly better SRF.
Furthermore, using these high-SRF lumped components, a KU band pass-band ﬁlter has
been designed and successfully measured for the ﬁrst time.
8b. In Chapter 2, we provide a solution to improve the performance of LTCC Integrated
Waveguides. In order to reduce insertion loss of this guiding structure, we propose a
design technique to realize Empty LTCC integrated waveguides (E-LIW). In our designed
E-LIW, we not only implement the air cavities to reduce the dielectric loss but also we
used the long rectangular vias in the sidewalls to reduce radiation loss. Moreover, since
the designed empty guiding structure has a wider width for the same cut-off frequency,
it has lower conductor loss as well. Thus, this technique eventually leads to minimize
losses. The proposed structure shows a simulation insertion loss of 0.084 dB/cm at 60
GHz which is considerably better compared to 0.48 dB/cm for the conventional SIW
structure in LTCC. Moreover, a ultra compact transition between E-LIW and CPW is pro-
posed in this chapter. A back-to-back conﬁguration including the proposed transition and
E-LIW has been fabricated. Measurement results show a maximum total insertion loss of
0.5 ± 0.2dB with better than 20 dB return loss for the entire structure and over the entire
frequency band of interest.
c. In Chapter 3, a new vertical guiding structure in LTCC is proposed. This Vertical LTCC
Integrated Waveguide (V-LIW) allows designing devices in which out-of-plane structure
is needed. Also, it helps us to realize transparent transition and interconnection to the
buried at very high frequencies, potentially up to several THz. This vertical integration
leads to considerably economize footprint area as well. Moreover, the main building
blocks for this new transmission line are presented. This includes a transition to the stan-
dard waveguide, a transition to planar printed lines, a 90-degree bend, and a T-junction.
These blocks enable us to design a wide variety of passive circuits using V-LIW. Fur-
thermore, applications to the design of V-band and W-band ﬁlters, couplers and power-
dividers are presented. Several prototypes are fabricated with measurement results show-
ing good agreement with simulation data.
90.5 Content
This thesis follows the paper-based format of ÉTS. Hence, each chapter represents one journal
paper as follows:
a. Chapter 1 presents suspended lumped element components which are high Q and high
SRF lumped components in LTCC. Also, a KU-band pass-band ﬁlter presents using these
components for the ﬁrst time. The related paper was submitted to IEEE Transactions on
Components, Packaging and Manufacturing Technology.
b. Chapter 2 discusses the implementation of empty LTCC integrated waveguide and presents
a new transition from E-LIW to conventional LIW. The related paper is published in IEEE
Microwave and Wireless Components Letters.
c. Chapter 3 introduces a new vertical LTCC integrated waveguide. Transitions to this new
guiding structure and also implementations of several circuit components is presented in
this paper. The related paper is accepted by IEEE Transactions on Microwave Theory and
Techniques.
d. Finally, in Conclusion and Recommendations, we summarize the results of this thesis and
proposed several directions as the possibilities of future studies.
0.6 Literature Review and Background on Technologies for LTCC Integrated Circuits
In this sub-chapter, we present a general overview of LTCC fabrication process and also brief
review on research have been carried out in the literature on related areas. Since the thesis has
been written to follow the paper-based format on ÉTS, each chapter includes its own relevant
literature review and discuss how our work contributes to the literature which is partly repeated
here.
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0.6.1 LTCC fabrication technology
Low Temperature Co-ﬁred Ceramic (LTCC) is a multi-layer, glass ceramic substrate which is
co-ﬁred with low resistance metal conductors, such as Ag, Au, and Cu, at low ﬁring temper-
atures. In the literature, the term "co-ﬁred ceramic" refers to the supporting ceramic structure
and any dielectric, resistive, and conductive materials which are ﬁred in a kiln simultaneously,
meanwhile the term "low temperature" refers to the fact that the sintering process occurs in less
than 1000oC.
A typical LTCC module could consist of several dielectric tapes, connecting vias, external
and internal conductors and passive components. Resistors, inductors, and capacitors can be
fabricated in LTCC circuits as buried or surface components. Manufacturing of LTCC circuits
has several steps as shown in Fig. 0.2. Cutting of single green-sheets (the term for unﬁred
tapes) is the ﬁrst step of fabrication, and then vias are punched or laser drilled into the green-
sheets. The next step is to print conductor lines on the surface of each layer. Finally, these
single sheets have to be stacked, laminated and ﬁred together. This fabrication process can
save time and money because every single layer can be checked and replaced before ﬁring if it
is damaged or built inaccurately; this prevents the need of manufacturing a whole new stack-up.
0.6.2 Advantages of LTCC technology
LTCC has widely been used both by researchers to design circuits for upcoming technologies
and by industrial companies to provide solutions for packaging. The reasons that make LTCC
an exceptional candidate for the wide variety of applications are discussed in the following.
These reasons along with a mature and stable fabrication process as well as the high permittiv-
ity dielectrics make ultra miniaturized LTCC circuits feasible.
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Figure 0.2 Manufacturing process of LTCC (MuRata)
0.6.2.1 High frequency characteristics
What makes LTCC suitable for high frequency applications is its low loss. The high frequency
transmission loss can be expressed mainly as the combination of conductor loss and dielectric
loss. Dielectric loss is directly related to dielectric loss tangent. Ceramics which are used in
LTCC has several times lower loss tangent compared to resin materials. Fig. 0.3 shows signal
attenuation due to conductor loss and dielectric loss. As it can be seen in this ﬁgure, at fre-
quencies above 1 GHz the effect of dielectric loss is dominated, and the impact of it becomes
more conspicuous as frequency increases. On the other hand, since the ﬁring temperature for
LTCC is lower than 1000oC, it allows using conductors with a lower conductive loss such as
Au or Ag. This does explain why at millimeter-waves, LTCC is a better choice than high tem-
perature co-ﬁred ceramics (HTCC). HTCC is a low-loss aluminum oxide dielectric which must
be sintered at about 1600oC. Thus, only conductors with high melting points like molybdenum
(Mo) and tungsten (W) are available. The conductivity of these conductors is about 50 times
less than silver or gold.
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Figure 0.3 Effect of dielectric and conductor loss in signal
attenuation (Imanaka (2005))
0.6.2.2 Thermal stability
Assembly process such as soldering electronic components and also reliability tests before
shipment can impose certain heat stress on circuit boards and packages. These stresses could
lead to the interconnection between board and components lose their connection reliability.
LTCC dielectrics have better thermal resistance and thermal expansion coefﬁcient compared
to resins, so they offer better product reliability at high temperatures. This is because the sub-
strates are expected to have a thermal coefﬁcient close Si (4.2 ppm/oC) to avoid interconnection
cracks due to shrinkage mismatch. A typical LTCC ceramic has a CTE between 5 to 8 ppm/oC
while Epoxy resin has a CTE between 30 and 40.
0.6.2.3 Integration of passive components
Integrating various passive components in a single stack-up helps to shorten the interconnection
length and also reduce the number of components needs assembly. This eventually leads to a
better loss performance and less failure risk. A particular dielectric with a speciﬁc permittivity
is only suitable for a range of passive components like two or three decades of capacitors. In the
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process of manufacturing LTCC circuits unlike resin printed circuit, it is possible to stack and
integrate green sheets of different kinds of materials in order to embed passive functions in the
substrate. For an instant, as shown in Fig. 0.4, the passive circuit stack-up is a combination of a
material with a low dielectric constant of around 5 for high frequency low loss signal routing, a
medium dielectric constant material of around 15 which can be used to realize a compact ﬁlter,
and a material with a high dielectric constant of around 1,000 or more for components like
DC coupling capacitors to eliminate signal noise and provide a clean power source (Imanaka
(2005)). Thus, using LTCC lead to making the board itself smaller and reducing the parasitic
effects.
Figure 0.4 Passive components embedded in substrate (Imanaka
(2005))
0.6.3 LTCC process challenges
Despite all the interesting features of the LTCC process, it still suffers from several drawbacks.
First and maybe the most important one is the shrinkage issue. Most kinds of LTCC ceramic
are shrunk in all direction after lamination and sintering. The shrinkage factor is a function of
consisting material mainly and also the amount of conductor on each layer. At low frequency,
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this could be easily compensated by enlarging the circuit. However, at very high frequen-
cies or when a tight tolerance in dimensions needed, the compensation becomes challenging,
and it needs a test prototype and precise measurement of dimension before the ﬁnal fabrica-
tion. This could increase the cost and lead time to the market needed for a product. In recent
years, companies like MuRata and Asahi Glass Co. offers materials with zero shrinkage in X
and Y direction by solutions like tape on substrate (TOS). These solutions partly solved the
problem, however, increase the cost of manufacturing. The other problems which degrade the
performance of LTCC circuits particularly at millimeter-wave frequencies are a coarse metal
deﬁnition and a poor surface ﬁnish. A typical fabrication design rule for volume production
allows line width and spacing of about 100 μm with a tolerance of ±5% and a surface rough-
ness of about 2 μm. This level of surface roughness makes it impossible to integrate MEMS
devices directly on the LTCC substrate. To address these challenges, the laser processing of
LTCC tapes are presented in (Shaﬁque et al. (2009); Shaﬁque & Robertson (2011)) to make
the line width as narrow as 50 μm feasible. Furthermore, a pre-treatment method of backed
stack-up to achieve very ﬁne surface are introduced in (Bahloul et al. (2016)). The polishing
technique presented in that work provides a surface with a sub-micron roughness which is suit-
able for MEMS circuits. However, both the laser processing and polishing of LTCC circuits
increase the fabrication cost signiﬁcantly which is not acceptable for demands for low-cost
mass production solutions.
0.6.4 LTCC lumped element circuits for microwave frequency application
Integrated lumped element circuits are widely used as a miniaturized technique to realize ultra
small circuits at different bands, from several megahertz (Zhou et al. (2014b)) to several giga-
hertz (Qian & Tang (2011)). At the heart of any lumped element circuits, there are lumped in-
ductors and capacitors which with different conﬁguration provide different functionalities such
as ﬁlter, coupler, duplexer, etc. The intrinsic 3D capability of LTCC motivates researchers to
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carry out a considerable number of works on LTCC integrated lumped components which only
the most important ones are included here.
The lumped elements made in LTCC are introduced for the ﬁrst time in (Brown et al. (1993)),
and it was followed by (Wilcox et al. (1997); Eurskens et al. (1998)). These are early works
which only explored the feasibility and simulation techniques to design integrated inductors,
capacitors and resonators. The development of integral capacitance has been discussed in (De-
laney et al. (1999)). In (Sutono et al. (1999b)), the performance of a multilayer helical inductor
has been investigated. Furthermore, multilayer capacitors and inductors have been used in the
development of a power ampliﬁer module in (Sutono et al. (2001)). A similar approach to
realize LTCC integrated lumped element has been used in numerous other published reports
till recent years. In many of them, the main efforts were dedicated to miniaturize circuits either
by placing circuit components extremely close to each other in a 3D conﬁguration (Brzez-
ina & Roy (2014)) or by realizing dual-band (Joshi & Chappell (2006)) and multi-functional
(Mousavi & Kouki (2016)) devices. Despite all the interesting results have been reported in
those works, those lumped circuits suffer from a higher level of loss compared to the alter-
native circuits realized by the bulky distributed planar transmission lines. Also, the relatively
large parasitic capacitance and inductance, due to the presence of high permittivity dielectric
between components and ground, push the SRF toward lower frequencies and consequently
limit the range where these components are applicable.
Improving the performance of LTCC integrated lumped elements has also been the target of
several works. In (Mousavi & Kouki, 2015), the capacitor is connected to the ground by several
vias instead of one via to reduce the parasitic inductance and increase SRF. Furthermore, an
air-ﬁlled cavity has been added under a solenoid inductor in (Aliouane et al., 2011) to increase
Q. The same has been used for a spiral inductor in (Eun et al., 2004) to increase both Q and
SRF. However, in both works, an extra layer of ceramic is needed to support the inductor’s arm.
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This layer has a negative impact on loss performance and prevents us to achieve the maximum
gain of this technique. It should also be pointed out that in all discussed literature the operation
frequency is under 6 GHz. Thus, using conventional methods, we still have to use bulky planar
circuits or waveguide structures at microwave frequencies above 6 GHz.
0.6.5 LTCC integrated waveguides
Substrate integrated waveguides have been introduced in (Deslandes & Wu (2001a)) to bring
the advantages of rectangular waveguides to the printed circuit boards. Thus, with certain com-
promises, both convenient integration of printed circuits and low-loss high-power performance
of rectangular waveguides becomes available. This planar form of waveguides is particularly
of importance in millimeter-waves where they provide a promising alternative for lossy con-
ventional planar transmission lines with an acceptable dimension. This new guiding structure
has been of a great deal of interest in last decade and without any exaggeration thousand of
articles have been published on that.
Multilayer fabrication technologies, especially LTCC, are well suited to develop the SIW cir-
cuits. The inherent ﬂexibilities of these technologies allow to design more complex 3D struc-
tures and add more functionalities to a circuit. The ﬁrst LTCC integrated waveguide has been
presented in (Li et al. (2003)). Since then, it is widely used to realize variety of circuits such
as ﬁlter (Zhang et al. (2015)), duplexer (Wang et al. (2014)), antenna (Cheng et al. (2013)).
Although SIW in many ways facilitates integration and realization of the millimeter-wave cir-
cuit, it has several drawbacks compared to conventional standard waveguides. First of all, it
is a dielectric ﬁlled transmission line and suffers from having a dielectric loss. This issue has
been the focus of the research in (Belenguer et al. (2014)) and (Parment et al. (2015b)). In
those works, an air-ﬁlled SIW for PCB circuits has been presented and also each one proposed
a transition from air-ﬁlled to the dielectric-ﬁlled SIW. However, the transition in (Parment et al.
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(2015b) is extremely long, and the proposed transition in (Belenguer et al. (2014)) is not appli-
cable to LTCC circuits and millimeter-waves. The other important drawback of SIW circuits
is the fact that it is difﬁcult to realize the circuits in which an out-of-plane structure is needed.
In (Doghri et al., 2015), it has been tried to address this problem by introducing a 3D SIW
structure. However, the proposed structure in that paper, is bulky and difﬁcult to integrate
which means it eventually misses the key reasons to implement SIW, Furthermore, as another
drawback it should be noted that SIW circuits compared to other planar printed circuits usually
take more footprint area which could be very precious in design of ultra-small module where
too many active and passive devices have to be integrated in a limited area.
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Abstract
This paper proposes a solutions to improve the performance of lumped element components
realized in Low Temperature Co-ﬁred Ceramic (LTCC) substrates. Thanks to the ﬂexibility
and precision of LTCC fabrication process, with a combination of inner air-cavity and virtu-
ally thick metals, we are able to make our lumped components suspended. This eventually
eliminates dielectric loss and enhance quality factor (Q) and self resonance frequency (SRF)
of our designed components. Using this technique, several inductor and capacitors have been
fabricated. For suspended inductors, an improvement of atleast 23 percent and 70 percent have
been achieved for Q and SRF respectively. Also, suspended capacitors have shown that they
can provide a signiﬁcantly better Q with a slightly better SRF compared to the conventional
LTCC integrated capacitors. Furthermore, with the aid of these high Q and high SRF lumped
components, a KU band pass-band ﬁlter has been designed and successfully measured for the
ﬁrst time. The fabricated ﬁlter has a insertion loss of 2 dB in the middle band with a total size
of 2.5 mm by 4.1 mm.
Introduction
progress of multi-functional wireless products has led to a continuously increasing demand
for high performance, low cost, miniaturized and lightweight circuits which can ﬁt in small
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hand-held devices and which can work for a long time with small batteries. Low Temperature
Co-ﬁred Ceramic (LTCC) technology, with an almost arbitrary number of low-loss dielectric
layers and high conductivity metals like silver and gold, is well-suited to provide solutions to
such demands. The intrinsic 3D capability of LTCC technology makes it a superior choice to
design compact lumped element passive components and circuits. It has already been shown
in the literature that LTCC lumped element components do not suffer from the integration
limitation of alternative solutions like surface mounted technology (SMT) components in ultra-
small circuits (Wu et al., 2004; Sutono et al., 2001). Furthermore, LTCC lumped components
offer the possibility of providing continuous elements values rather than discrete ones since
they can be properly dimensioned during the design process. The monolithic integration of
different lumped LTCC components in single design can also be an advantage for size and
part-count reduction.
Since the ﬁrst appearance of lumped element components in LTCC (Eurskens et al., 1998),
considerable research has been carried out in this area. While certain researchers focused
on the realization of different RF circuits (Mousavi & Kouki, 2016; Brzezina et al., 2009;
Brzezina & Roy, 2014; Zhou et al., 2014b; Joshi & Chappell, 2006), others explored the ways
to improve the performance of LTCC lumped element components (Aliouane et al., 2011;
Mousavi & Kouki, 2015; Eun et al., 2004; Bahl, 2003). The performance of lumped compo-
nents in LTCC like any other fabrication technology is limited by loss factors and parasitic
capacitors (or inductors). Since, metals with highest conductivity are already available for
LTCC circuits, the main focus to enhance the performance has been on reducing dielectric
loss and designing structures with lower parasitic values. In (Aliouane et al., 2011), the per-
formance of a solenoid RF inductor has been compared to a spiral inductor, and it has been
shown that the former one can provide better quality factor (Q). However, there is almost no
improvement in self-resonance frequency (SRF) reported. An air-cavity has been added under
a solenoid inductor in (Mousavi & Kouki, 2015) to increase SRF and Q. Using this technique,
about 25 percent improvement in Q has been achieved for an inductor in UHF band. The im-
pact of having several grounding vias on the performance of a capacitor was also investigated
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in (Mousavi & Kouki, 2015) and and a 23 percent improvement in SRF was reported. An
air-cavity has also been used under a spiral inductor in (Eun et al., 2004) where an inductor
having an inductance of 2.62 nH, a Q of 51 and a SRF of 9.1 GHz was reported. In all of the
above cited studies where an air-cavity was used, an extra layer of the ceramic had been left
between the air-cavity and inductor’s arms. This extra layer is unavoidable for the mechanical
integrity of their design and it negatively impacts the performance improvement provided by
this technique. Furthermore, to the best knowledge of the authors, all reported LTCC passive
lumped elements are limited to the frequencies below 6 GHz.
In this paper, a new technique that combines the use of inner air-cavities with a new thick
suspended conductor structure is proposed to virtually eliminate all dielectric loss from LTCC
lumped components. These novel lumped components offer signiﬁcant performance improve-
ment that enable their use at much higher frequencies. Various lumped component designs are
presented and used for the design of a Ku band pass-band lumped element ﬁlter for the ﬁrst
time.
The remainder of this paper is organized as follow: in section II, a theoretical summary of key
performance metrics and trade-offs in the design of LTCC lumped elements is presented. Sec-
tion III presents the proposed suspended thick metal structure and its fabrication process. Sim-
ulation and measured results for several suspended inductors and capacitors are also presented
in this section. Section IV presents the design, fabrication and measurement of a Ku-band
lumped element pass-band ﬁlter. Finally, conclusions are given in section VI.
1.1 Non-Ideal models for lumped components
In order to quantify the impact of dielectric on lumped element performance and to assess the
trade-offs possible, we consider the basic models for LTCC inductors and capacitor.
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1.1.1 Inductors
The geometry of a typical LTCC integrated inductor and its equivalent one-port lumped element
circuit are depicted in Fig. 1.1 where L is the inductance, R the series resistance, Cc the
fringing capacitance between conductor turns, Csub the capacitance between the inductor line
and ground, and Gsub is the conductance representing the dielectric loss in the substrate. From
this circuit model one can easily ﬁnd the input impedance of a non-ideal inductor by:
Zin =
jω(L−ω2L2C−R2C)+A
B
(1.1)
where
A= R2+ω2R2LC+ω2L2G+ω2LRC
B= (1+RG−ω2LC)2+ω2(GL+RC)2
C =Csub+Cc
Subsequently, the effective inductance is calculated by taking the imaginary parts of the input
impedance, namely:
Le f f =
im(Zin)
ω
=
1
B
(L−ω2L2C−R2C) (1.2)
The self-resonance frequency can be calculated by setting the imaginary part of the input
impedance equal to zero (Bahl, 2003). Thus the SRF of the inductor is given by:
SRF =
1
2π
√
1
LC
− R
2
L2
(1.3)
At microwave frequencies, a widely used equation for ﬁnding the quality factor Q from the
input impedance below the SRF is Bahl (2003):
Q=
im(Zin)
re(Zin)
=
ω(L−ω2L2C−R2C)
R2+ω2R2LC+ω2L2G+ω2LRC
(1.4)
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Figure 1.1 Geometry of LTCC integrated inductor
Since increasing performance of an inductor means higher Q and higher SRF, we examine (1.3)
and (1.4) to see how this can be achieved for a given effective inductance value. From (1.3), it
is clear that decreasing C and R while L is ﬁxed leads to an enhancement of the SRF. Equation
(1.4) also shows that by decreasing C and R, as well as decreasing G, one can increase the
Q. Removing dielectric, i.e., air-cavities, reduces C, by reducing Csub, while at the same time
reducing G. In this paper we will seek to achieve the highest possible reduction of Csub and
G by completely eliminating any supporting LTCC layers between the conductor and ground.
Reducing R is achieved by using high conductivity thick metal, here we use 8 μm Silver.
1.1.2 Capacitor
Fig. 1.2 depicts the geometry of a typical parallel plate LTCC capacitor and its equivalent
one-port model where C is the capacitance between printed metal plates, Csub the parasitic
capacitance between the top metal plate and ground, Ls and Rs the inductance and resistance
of the via to ground, and Gsub is the conductance representing the dielectric loss in the substrate.
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Using this model, the input admittance of a non-ideal capacitance can be written as:
Yin = jωCsub+
jω(C−ω2C2Ls−G2Ls)+A2
B2
(1.5)
where
A2 = Gsub+RG2sub+ω
2RsC2
B2 = (1+RGsub−ω2CLs)2+ω2(GsubL+RsC)2
Ls
Rs
C Csub
Gsub
Figure 1.2 Geometry of LTCC integrated capacitor
The effective capacitance can then be extracted from the input admittance by:
Ceff =
im(Yin)
ω
=Csub+
1
B2
(C−ω2C2Ls−G2subLs) (1.6)
The SRF can be found by setting the imaginary part of input admittance equal to zero, and it is
given by:
SRF =
1
2π
√
1
CLs
− G
2
sub
C2
(1.7)
where Csub has been neglected given that in the vicinity of the resonance frequency the imag-
inary part of the input admittance has a large slope changing from a big positive number to a
big negative one.
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Q can be found from (1.5) by:
Q=
ω(C−ω2C2Ls−G2Ls)
Gsub+RG2sub+ω2RsC2
(1.8)
LTCC capacitors with quality factors around 100 are not uncommon. However, much lower Q
is often obtained when using low-cost low-frequency ceramics with higher loss tangents, e.g.,
Dupont 951 vs Dupont 9K7 or Ferro L8 vs Ferro A6M, or when parallel capacitors require
long ground vias. In these cases, the Q, as well as the SRF, can be improved by reducing Gsub,
Ls and Rs in (1.7) and (1.8). The chosen solution for reducing Gsub has already been discussed
in the previous subsection and will be used here as well. However, having an air-cavity inside
the capacitor, while it increases Q and the SRF, does reduce the capacitance which can be
compensated by increasing the capacitor size. For reducing the series inductor and resistor, Ls
and Rs the length of capacitor arms in both ends should be made as short as and as wide as
possible.
1.2 Suspended conductor: a proposed conﬁguration to enhance performance
1.2.1 Fabrication process
The use of air cavities in inductor design, has been tested in (Mousavi & Kouki, 2015; Eun
et al., 2004) and shows promising results. However, in these works, an extra layer of ceramic
was left under the inductor to mechanically support the inductor’s arm. While such air cavities
help reduce Csub and G, having this extra layer limits the performance of the designed induc-
tors. To achieve further reduction in Csub and G, this extra layer must be removed resulting in
a suspended conductor. This leads to structural challenge of how to support the conductor. To
this end, we propose a new technique that exploits the ﬂexibility of LTCC technology. Indeed,
by modifying in the standard fabrication process, the realization of these ﬂoating conductors
becomes feasible through the following steps.
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Step 1: Fig. 1.3 illustrates the proposed modiﬁed LTCC process where a single sheet of green
tape is used to realize the suspended conductor. The suspended conductor achieves its struc-
tural integrity by being printed on both sides of the single sheet with interconnection between
the two sides achieved through an array of vias. While via punching and fabrication follows
the standard LTCC process, double sided printing required minor process adjustment. The re-
sulting structure works like a virtually thick line at frequencies at which the spacing between
the vias is considerably smaller than the corresponding wavelength.
Step 2: the next step is the drilling of internal cavities in each layer. After that, these layers are
stacked on top of each other. All the internal cavities are ﬁlled with fugitive tape to maintain
the structural integrity of green tape stack during the lamination process. The fugitive tape
used for this purpose is the LTCC carbon tapes (TCS-CARB-1).
Step 3: the ﬁring process is modiﬁed to allow the fugitive tape to completely burn out in order
to obtain a clean internal cavity. The modiﬁed ﬁring proﬁle for LTCC 9K7 is shown in Fig.
1.4. This proﬁle, compared to the standard proﬁle, has been prolonged in three sections: (i) at
350oC for 60 minutes (ii) at 710oC for 60 minutes and (iii) at 850oC. These three plateaus in
ﬁring recipe allow burning completely out all binder components and residual carbons before
LTCC pore closure and leave a clean inner cavity .
1.2.2 Validation
To validate the performance of the proposed solution and assess the performance gains that
can be achieved, two LTCC inductors of 2.5 nH and 5 nH, were designed and fabricated in
two different versions: (i) conventional and (ii) suspended, using Dupont 9K7 green tape with
permittivity of 7.1 and loss tangent of 0.001. Fig. 1.5 shows photographs of the two suspended
inductors. All inductors were measured using Rohde and Schwartz ZVA vector network an-
alyzer. Fig. 1.6 to Fig. 1.9 show the measured inductance and Q of the conventional and
suspended inductors. From these ﬁgures, it is evident that both SRF and Q are signiﬁcantly
improved by using air-ﬁlled cavities and suspended conductors.
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Figure 1.3 Geometry of the designed inductor with suspended
conductors and inner air-cavity
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Figure 1.4 The modiﬁed ﬁring proﬁle of 9k7 LTCC green tapes
Table 1.1 compares the results of the proposed suspended inductors to several of the best LTCC
inductors reported in the literature. As can be seen in this table, the proposed solution outper-
forms all reported inductors in both Q and SRF with improvements in Q of at least 50% and in
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Figure 1.5 The photograph of fabricated suspended inductors (a)
5nH, (b) 2.5 nH
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Figure 1.6 The measured effective inductance of two 5 nH inductors,
one suspended inductor and the other one a conventional inductor
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Figure 1.7 The measured Q-factor of two 5 nH inductors, one
suspended inductor and the other one a conventional inductor
SRF of at least 10% for similar inductance values. Furthermore, the suspended inductors show
better performance despite having thinner substrate.
Table 1.1 Comparison between performance of presented inductor
and literature
Ref. Inductance Thickness Qmax SRF
This work 2.5 nH 448μm 134 10 GHz
This work 5 nH 448μm 125 5.05 GHz
Ref. (Aliouane et al., 2011) 5 nH 896μm 65 2.5 GHz
Ref. (Sutono et al., 2001) 5.4 nH 914μm 60 4 GHz
Ref. (Sutono et al., 2001) 2.5 nH 548μm 70 4.5 GHz
Ref. (Sutono et al., 2001) 1.2 nH 548μm 100 7.2 GHz
Ref. (Sutono et al., 1999a) 5 nH 640μm 81 4.48 GHz
Ref. (Eun et al., 2004) 2.63nH 570μm 51 9.1 GHz
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Figure 1.8 The measured effective inductance of two
2.5 nH inductors, one suspended inductor and
the other one a conventional inductor
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Figure 1.9 The measured Q-factor of two 2.5 nH inductors, one
suspended inductor and the other one a conventional inductor
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To further validate the performance of the proposed solution for capacitors, an air-ﬁlled cavity
is added between the capacitor’s metallic plates with the top one being suspended as shown in
Fig. 1.10. This reduces considerably the dielectric loss and therefore increases Q. Furthermore,
an array of vias is used to decrease the series inductance and resistance. These two solutions ul-
timately provide the highest possible SRF and Q for a desired capacitance with given materials
and substrate thickness.
Arrey of vias Printed conductor on both side
             of first layer
Air-filled inner cavity
filled with carbon tapes
for lamination
Figure 1.10 Geometry of the designed capacitor with suspended
conductors and inner air-cavity
Two 1-pF capacitors, one with a conventional structure and another with suspended plate, are
designed using Dupont 951 green tape with permittivity of 7.8 and loss tangent of 0.006. An-
other two 0.5-pF capacitors, one conventional and one with suspended plate, are designed using
Dupont 9K7 green tape with permittivity of 7.1 and loss tangent of 0.001. Fig. 1.11 and Fig.
1.14 show 3D ﬁeld simulated effective capacitance and Q of all capacitor versions. As can be
seen from these plots, the SRF and Q are both improved by adding the air-cavity. However,
one notices that at higher frequencies the conventional capacitor structure has slightly higher Q
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than the proposed one. This is mainly due to the slightly higher radiation loss of the air-ﬁlled
capacitor at higher frequencies.
It should be noted that, the designed capacitors have not been measured directly due to dif-
ﬁculties in measuring such high Q components. Indirect measurements can be obtained by
integrating the capacitor in a ﬁlter as will be shown in the next section. Still, the use of 3D
electromagnetic ﬁeld simulation for such structures is very well established and provides ex-
cellent accuracy with very good agreement with measurements when feasible.
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Figure 1.11 Comparison between effective capacity of two 1 pf
capacitors with and without air-ﬁlled cavity in Dupont 951 ceramic
Table 1.2 present a comparison in performance between the proposed capacitor structure and
those in the literature. As can be seen from this table, the proposed capacitor provides signiﬁ-
cantly higher Q and higher SRF even for higher loss substrates.
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Figure 1.12 Comparison between Q-factor of two 1 pf capacitors
with and without air-ﬁlled cavity in Dupont 951 ceramic
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Figure 1.13 Comparison between effective capacity of two 0.5 pf
capacitors with and without air-ﬁlled cavity in Dupont 9k7 ceramic
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Figure 1.14 Comparison between Q-factor of two 0.5 pf capacitors
with and without air-ﬁlled cavity in Dupont 9k7 ceramic
Table 1.2 Comparison between performance of presented capacitor and Literature
Ref. C (pF) Thickness (μm) tanδ Qmax SRF (GHz)
This work 1 796 0.0060 567 13.5
This work 0.5 784 0.0010 1354 20.8
Ref. (Brzezina et al., 2009) 0.95 800 0.0020 245 −
Ref. (Sutono et al., 2001) 1.4 − 0.0015 90 6.8
Ref. (Brzezina & Roy, 2014) 1.7 720 0.0020 290 −
1.3 Ku-band lumped element ﬁlter
The fact that the proposed suspended lumped elements can achieve high Q with high SRF
enables us to consider designing lumped element circuits at much higher frequencies. These
circuits will operate under the lowest SRF frequency of any of its components. To illustrate
this, we proposed the design of a 2-pole bandpass lumped element ﬁlter at Ku band.
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Fig. 1.15 depicts the circuit model of a direct capacitive coupled band-pass ﬁlter which we
select to realize here. The procedure of ﬁnding the components’ value for this type of ﬁlter is
already well formulated in the literature and it can be found in (Cohn, 1957). This procedure
has a degree of freedom to select the parallel inductor for which we choose a 1 nH inductor
to have practical values for other components in the circuit. The desired ﬁlter’s parameters
are summarized in Table 1.3. To design a ﬁlter with these parameters, ﬁrst, we simulate each
of capacitors and the inductor individually and then join them together to simulate the entire
circuit, as shown in Fig. 1.16. Each component is realized using the techniques described in the
previous sections to maximize the SRF and Q. For realizing small series capacitors, two printed
plates are placed edge to edge and an air-cavity underneath to reduce the parasitic capacitor to
the ground. Furthermore, the designed ﬁlter has been optimized to compensate the impact of
interconnections between components.
Cp Lp  Cp
Cs 2 Cs 1Cs 1
Figure 1.15 Circuit model of q two pole direct capacitive coupled
band-pass ﬁlter
The total size of this ﬁlter is about 2.51 mm by 4.14 mm which is quite small compared to the
other ﬁlters fabricated using LTCC ceramics at this band. The optimized pass-band lumped
element ﬁlter has been fabricated using discussed procedure and successfully measured. A
photograph of fabricated KU-band ﬁlter is shown in Fig. 1.17. The simulated and measured
S-parameters of this ﬁlter are plotted in Fig. 1.18 and they are in a good agreement. The
measured results show that the fabricated ﬁlter has an insertion loss of 2 dB and a return loss of
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Figure 1.16 The geometry of simulated model of the designed
band-pass ﬁlter
Table 1.3 Ku-band ﬁlter parameters
Parameter. Value Parameter Value
f0 11.95GHz BW 500MHz
Order 2 Ripple 0.05
Permittivity 5.7 Loss tangent 0.001
Cs 1 55.1 f F Cs 2 12.2 f F
Cp 112.4 f F Lp 1nH
-18.8 dB at 12 GHz. Furthermore, the designed ﬁlter provides a very good out of band rejection
which is better than -20 dB up to 30 GHz.
1.4 Conclusion
A new metal conﬁguration has been proposed along with using inner air-cavity to design sus-
pended LTCC integrated lumped elements. The proposed suspended components show sig-
niﬁcantly better performance in terms of Q and SRF compared to the conventional designs.
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Figure 1.17 A photograph of fabricated ﬁlter
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Figure 1.18 The measurement results for KU-band pass-band ﬁlter
Furthermore, using these enhanced SRF elements, we have design a lumped element ﬁlter at
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KU-band for the ﬁrst time. This ﬁlter and several inductors have been fabricated and success-
fully tested with excellent low loss performance.
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Abstract
An Empty LTCC (Low Temperature Coﬁred Ceramics) Integrated Waveguide (E-LIW) for the
57-64 GHz band is proposed. In addition to being air-ﬁlled, this SIW-like structure uses long
rectangular side-wall vias to reduce conductor and radiation losses. In simulation, the pro-
posed structure shows an insertion loss of 0.084 dB/cm at 60 GHz compared to 0.325 dB/cm,
when the same structure is dielectric ﬁlled, and 0.48 dB/cm when it is dielectric ﬁlled but with
conventional cylindrical vias. A very compact transition between E-LIW and CPW is also pro-
posed. A back-to-back conﬁguration including the proposed transition and E-LIW has been
fabricated. Measurement results show a maximum total insertion loss of 0.5±0.2dB with bet-
ter than 20dB return loss for the entire structure and over the entire frequency band of interest.
These results are in good agreement with those obtained by 3D ﬁeld simulation.
Introduction
Low Temperature Coﬁred Ceramics (LTCC) technology offers the possibility of having an al-
most arbitrary number of layers using very low loss dielectrics and highly conductive metals
such as silver and gold. It is a promising technology for the realization of 3D integrated and
miniaturized passive circuits with mature fabrication processes. The advantages and capabil-
ities of LTCC in the design of high performance, cost effective planar and 3D passive com-
ponents in microwave and millimeter-wave frequencies are well documented in large body of
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literature, see for example (Wolff (2007a); Lee et al. (2005); Imhof & Schless (2007)). Further-
more, LTCC covers a very wide range of applications such as packaging, industrial sensors,
biomedical applications, etc. It also has well established fabrication processes that ensure,
among other things, excellent alignment of multiple layers.
It is well known that conventional printed guiding structures, e.g., microstrip, stripline, CPW,
etc., suffer from high loss at high frequencies. Substrate Integrated Waveguide (SIW) has
been proposed (Deslandes & Wu (2001a)) as alternative to take advantage of the lower loss of
conventional rectangular waveguides while maintaining printed circuit integration capabilities.
This technique is well-suited for implementation in LTCC technology owing to this latter’s
multi-layer nature (Huang & Wu (2003)). However, whether using conventional PCB material
or LTCC ceramics, SIW structures still suffer from dielectric loss in addition to the unavoidable
conductor loss. In order to reduce or eliminate the dielectric loss, the concept of an air-ﬁlled
SIW was introduced in (Ranjkesh & Shahabadi (2006)). This work focused on basic com-
putational analysis with no consideration for practical implementation issues nor transitions
to conventional planar transmission lines. An air-ﬁlled waveguide transmission line in LTCC
for G-band frequencies was introduced in (Henry et al. (2008)). Unexpectedly, the fabricated
line of this work results a transmission loss close to other planar line. Furthermore, no tran-
sition to other structures was reported in (Henry et al. (2008)). In (Belenguer et al. (2014)),
an empty SIW with transition to microstrip using a milling process was proposed and used to
design and test ﬁlters up to 20 GHz with demonstrated loss reduction. However, the proposed
transition restricts the SIW height, which should be higher to reduce loss, to be the same as
the microstrip substrate thickness, which should be lower to be usable at higher frequencies.
In parallel, a similar air-ﬁlled SIW design with a two-step transition to CPW using a ‘sand-
wiching’ of multilayer PCBs was presented in (Parment et al. (2015b)) with simulation up to
60 GHz but measurements to 40 GHz. This design resulted in long transitions, leading to in-
creased size and insertion loss. In both (Belenguer et al. (2014)) and (Parment et al. (2015b)),
circuit fabrication is sensitive to alignment, which is more critical at mm-waves.
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In this paper, a new Empty LTCC Integrated Waveguide (E-LIW) is presented combining the
advantages of SIW and LTCC while virtually eliminating dielectric loss. A new very compact,
two-step transition from E-LIW to CPW with vertical probe excitation is proposed.
2.1 Empty LTCC integrated waveguide structure
The structure of the E-LIW is depicted in Fig. 2.1. The bottom layer consists of a printed
metal on top of one LTCC sheet. Several LTCC sheets with rows of rectangular vias, to form
the side walls of the LIW, and air cavities, to form the inside of the LIW, are then stacked on
top of the bottom layer. A specially designed metallized LTCC sheet, consists of rows of vias
and a printed silver conductor, forms top layer that completes the structure. This special design
is needed to respect the limitation of the fabrication process of printing on one side only. Via
spacing and size were determined to reduce loss while still respecting the fabrication design
rules of our in-house process (Gravel (2016)).
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a
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z
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Air
Figure 2.1 Proposed empty LTCC-integrated waveguide structure
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To compare the transmission loss performance of the E-LIW and the conventional LIW we
focus on the 60 GHz unlicensed band and start by designing guiding structures that will operate
between 57 and 64 GHz. A cutoff frequency of 35 GHz is selected for both structures such that
the operation frequencies are located within the region of minimal loss and dispersion. For a
completely air-ﬁlled waveguide with fully metallized side walls, the cutoff frequency is given in
terms of the speed of light, c, and the width of the waveguide, a, by fc10 = c/2a, which leads to
a waveguide width of 4.285 mm for a cutoff of 35 GHz. For our proposed LIW, two dielectric
slabs on either side of the guide are required in order to allow for proper ﬁlling of the side
vias, see Fig. 2.1, as well as for maintaining the mechanical integrity of the structure during
the fabrication process. The dielectric slabs lead to a partially ﬁlled waveguide and therefore
they will impact dielectric loss and the cutoff frequencies. In fact, the cutoff frequency of
the dominant TE10 mode, assuming continuous side-walls, can be found from (Parment et al.
(2015b)):
tan
⎛
⎝2π√εr fc10ws
c
⎞
⎠=√εrcotan
⎛
⎝π fc10(a−2ws)
c
⎞
⎠ (2.1)
where εr is the dielectric constant of the LTCC sheets and ws is the width of the slabs. Using
slabs of 200μm width each with a εr = 7.1 and a = 4.285 mm, the cutoff frequency is found to
be 34.85 GHz, which is little changed compared the completely air-ﬁlled waveguide. To take
into account the use of vias for sidewalls one can use the closed-form model for predicting the
cutoff frequency (Che et al. (2008a)) for cylindrical vias or 3D EM ﬁeld simulation for general
shaped vias. Here we opt for the latter option in order to compute the impact side vias on
the cut-off frequency as well as on the dielectric loss. For our desired cut-off frequency of 35
GHz, these calculation lead to a width of 4.2 mm, including the effect of side dielectric slabs
of 200μm each.
Next, we assess the performance of the proposed E-LIW by comparing the attenuation constant
per cm (αT ) for 5 structures using the same metals and dielectrics and having the same cutoff
frequency of 35 GHz: (i) an air-ﬁlled conventional waveguide, (ii) a dielectric ﬁlled conven-
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tional waveguide, (iii) a LIW with cylindrical vias, (iv) a LIW with rectangular vias and (v)
the proposed E-LIW. For (i) and (ii) theoretical expressions for αT are used. For the remaining
three structures, αT is computed from the S-parameters obtained by 3D ﬁeld simulation using
Degerstrom et al. (2008):
αT =−8.68
ln
(
|S21|2
)
− ln
(
1−|S11|2
)
2l
(dB/cm) (2.2)
where l is the length of the waveguide structure in cm. The results of these calculations,
considering the effect of surface roughness, are shown in Fig. 2.2 where the insertion losses
for these lines at 60 GHz are 0.058, 0.305, 0.483, 0.325, and 0.084 dB/cm respectively. It can
be seen that the proposed E-LIW outperforms all other structures except for the fully metallized
air-ﬁlled conventional waveguide. It should also be noted that using rectangular vias, which is
relatively easy to do in LTCC, does lead to reduced losses compared to using cylindrical ones.
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2.2 Compact transition to E-LIW
A transition from E-LIW to CPW is desired in order to be able to measure the structures and,
ultimately, to integrate various other components on its surface. As stated, the size of such
transitions can be critical from loss standpoint. Here we propose a new compact two-step
transition as depicted in Fig. 2.3. Fig. 2.3a shows the transition from E-LIW to LIW while
Figs. 2.3b and 2.3c show the probe-type transition from LIW to CPW.
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Figure 2.3 (a) Transition from E-LIW to LIW. (b) Transition from
LIW to CPW, top view and (c) side view at section cut s-s.
To design the transition from E-LIW to LIW two options were considered: either tapering the
dielectric from the LIW to E-LIW as in (Belenguer et al. (2014)) or, inversely, tapering the air
from the E-LIW inside the LIW as in (Parment et al. (2015b)). The transition in (Belenguer
et al. (2014)) will have shorter length but will be difﬁcult to match for high dielectric con-
stant contrast. On the other hand, the transition in (Parment et al. (2015b)) results in longer
dimensions but easier matching. Furthermore, given that the electric ﬁeld of the TE10 mode is
strongest in the middle of the waveguide, choosing the second transition shape would reduce
the amount of dielectric to which electric ﬁeld is exposed, which in turn would lead to lower
dielectric loss. For these reasons we chose the second transition shape.
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To reduce the size of this transition, we again exploit the fact that the electric ﬁeld is concen-
trated in the region with higher permittivity to introduce compensating dielectric wedges as
shown in Fig. 2.3a. This results in a compact 1.4 mm transition with reduced insertion loss
and good matching. The LIW to CPW transition is realized with a tapered 50Ω CPW line
that connects to a one-layer vertical half-coaxial line, with the central conductor becoming a
vertical probe inside the LIW. The size of this transition is 1.1 mm. All transitions have been
optimized with ANSYS HFSS and the results are shown in Fig. 2.4. It should be noted that the
simulation time for each frequency on a Core-i7 machine is about 200 seconds.
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Figure 2.4 Simulation results for back to back transitions using HFSS
2.3 Fabrication and measurement results
A 2.3 mm section of an E-LIW with transitions at both ends as illustrated in Fig. 2.3 was
fabricated using eight 112μm thick layers of Dupont’s 9k7 green tape having a permittivity
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of 7.1 and a dielectric loss tangent of 0.001. Vias were ﬁlled and metals printed using silver.
Carbon tapes were used to ﬁll the cavities in order to maintain their structural integrity during
the stacking and laminating steps. These are fugitive tapes that sublimate at 600◦C during
sintering.
Fig. 2.5 shows a photograph of the fabricated E-LIW structure with its end to end transitions.
This structure was measured using a probe station and a PNA-X network analyzer. Fig. 6
shows the measured and simulated results which include both transitions. A better than 20 dB
return loss has been measured with a total back to back insertion loss of 0.5± 0.2 dB from
57− 66 GHz band. Based on Fig. 2.4 This insertion is entirely attributable to the transitions
with the E-LIW section having negligible loss. In fact, HFSS simulation of the 2.3 mm section
of E-LIW gives an insertion loss of 0.019 dB, which is consistent with the results of Fig. 2.2
and even less than the uncertainty of network analyzer (keysight,2017).
Figure 2.5 Photograph of fabricated E-LIW (a) completed structure
(b) cut in the middle (at the cutting line) by laser in order to show the
inner air cavity
Table 2.1 presents a comparison of transition performance and size based on measured data for
this work, the one in (Parment et al. (2015b)) and the simulated one in (Belenguer et al. (2014)).
It is worth noting that our measured loss includes both two-step transitions, from E-LIW to
LIW and LIW to CPW, while those in (Belenguer et al. (2014)) only include the ﬁrst transition.
Despite this, and the fact that our work is at a higher frequency, we still obtained better return
and insertion losses. Furthermore, we obtained much electrically smaller transition size. This
improvement is due to the short length of transition from E-LIW to LIW and the probe-type
excitation which makes it possible to have very thick LIW, which also reduces the transmission
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Figure 2.6 Measured and simulated results for end to end transitions
loss. The relative bandwidth obtained here is narrower compared to (Belenguer et al. (2014);
Parment et al. (2015b)) due to (i) the large difference between the permittivities of LTCC and
air in the LIW to E-LIW transition and (ii) the presence of a probe-type CPW to LIW transition,
which is required for thick substrates and has intrinsically limited bandwidth.
2.4 Conclusion
Eliminating the dielectric inside substrate integrated waveguides and using rectangular vias in
LTCC have been proposed to design ultra-low loss guiding structures. Compact transitions
from empty LTCC integrated waveguide (E-LIW) to ﬁlled LTCC integrated waveguide (LIW)
and from LIW to CPW have also been proposed. An end-to-end guiding structure with tran-
sitions, for the unlicensed 60 GHz band, has been successfully tested with excellent low loss
performance.
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Table 2.1 Comparison of the transitions
Ref. f
(GHz)
BW
(%)
IL (dB/Transi-
tion)
RL
(dB)
SIW to
ESIW (λ )
SIW to
CPW (λ )
(Belenguer et al.
(2014)) Simula-
tion
18−26 36.3 0.25 22 0.55 -
(Parment et al.
(2015b))
27−40 38.8 0.3±0.1 15 3.77 3.77
This work 57−66 14.6 0.25±0.1 20 0.74 0.59
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Abstract
A new vertical guiding structure in Low Temperature Co-ﬁred Ceramics (LTCC) substrates
is proposed. This Vertical LTCC Integrated Waveguide (V-LIW) allows transmitting signals
and realizing components in the body of the LTCC substrate perpendicular to its surface. This
vertical integration leads to considerable footprint reduction while opening the door to higher
frequency coverage as well as easy implementation of E-plane structures. Discontinuities in
V-LIW and transitions between the proposed V-LIW and conventional horizontal guiding struc-
tures such as coplanar waveguides, standard rectangular waveguides and substrate integrated
waveguides are also introduced. Applications to the design of V-band and W-band ﬁlters, cou-
plers and power-dividers are presented. Several prototypes are fabricated with measurement
results showing good agreement with simulation data.
Introduction
The rapid progress of multi-functional hand-held devices in a context of growing numbers of
wireless applications and cloud-based services leads to a daily increase in demand for more
bandwidth. The crowded microwave radio spectrum has limited bandwidth for today’s multi-
tude of wireless services and cannot provide a long-term solution for the increasing bandwidth
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demands. It is, therefore, an unavoidable necessity to migrate to millimeter-wave frequencies
where we can take advantage of both large available bandwidth and less crowded channels.
In millimeter-wave frequencies, the loss of conventional planar guiding structures e.g., mi-
crostrip, CPW, and stripline are signiﬁcant. On the other hand, air-ﬁlled metallic waveg-
uides show better loss performance but at the expense of bulkiness and integration complexity.
Substrate Integrated Waveguides (SIW) (Deslandes & Wu (2001a)) offer a viable alternative
through printed guiding structures to combine low loss performance of conventional rectan-
gular waveguides with integration convenience of printed planar transmission lines. Since
(Deslandes & Wu (2001a)), in a large body of literature, researchers have explored SIW’s
characteristics such as design considerations (Cassivi et al. (2002)), loss mechanism (Deslan-
des & Wu (2006)), and transitions (Isapour & Kouki (2017)), as well as the analytical (Che
et al. (2008a)) and numerical (Shahvirdi & Banai (2010)) modeling of SIW. Moreover, sub-
strate integrated waveguides are widely used in the realization of a wide variety millimeter-
wave circuits, e.g., ﬁlters (Chen & Wu (2008a)), phase shifters (Cheng et al. (2010)), antennas
(Cheng et al. (2012)), etc.
Despite the interesting features of SIW, it still suffers from certain limitations and drawbacks.
One of the most important ones is the implementation difﬁculty at very high frequencies. It is
well-known that the realization of SIW circuits at frequencies of higher than 150 GHz with cur-
rent ceramic fabrication technology is challenging (Wang et al. (2016)) and it becomes almost
impractical at terahertz frequencies. This is due to the fact that the SIW relies on a set of vias
to form waveguide side walls and also to perturb the ﬁelds inside the waveguide in applica-
tions like iris ﬁlters. The spacing between the adjacent in the same layer at higher frequencies
would be too small to be fabricated with a regular multilayer ceramic process. Furthermore,
SIW circuits, compared to their counterparts, usually use more footprints to realize compo-
nents. This leads to a signiﬁcant reduction of space for potential active circuits which can only
be mounted on the surface. Moreover, for waveguide applications where E-Plane structures
are needed, conventional SIW cannot be utilized in a standard fabrication process. In these
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applications, metallic rectangular waveguides are still widely used as an H-plane to E-plane
transitions (Zhang & Lu (2008)).
In recent years, three-dimensional (3D) SIW structures were introduced to realize E-plane com-
ponents (Khatib et al. (2012)), to make the millimeter-wave systems more compact (Doghri
et al. (2015, 2012a, 2013)) and reduce the footprint size (Doghri et al. (2012b)). However, all
the reported works in (Khatib et al. (2012); Doghri et al. (2015, 2012a,b, 2013)) do so by a
Lego-like assembling of one PCB substrate perpendicular to another substrate, which is not a
standard PCB process and therefore structures are subjected to lateral misalignment and gaps
between pieces (Doghri et al. (2013, 2015)). In fact, these 3D SIWs are two conventional SIWs
which are only attached together in a L-type conﬁguration. These designs are also relatively
bulky since the region between two sections of SIW is unusable.
Multi-layer fabrication technologies, including Low Temperature Co-ﬁred Ceramic (LTCC)
technology, are well-suited for implementation of SIWs (Huang et al. (2003)) and they can
be an excellent candidate to realize the 3D SIWs as well. The well-established fabrication
process of LTCC allows us to realize passive circuits by the almost arbitrary number of layers
having very low loss and high permittivity dielectrics. Moreover, the relatively low sinter-
ing temperature makes it possible to utilize the high conductivity metals; gold, and silver.
These all together, enable LTCC to be a superior choice in the design of high performance
three-dimensional passive components from microwave frequencies (Wolff (2007a)) to optical
(Heilala et al. (2005)), and from exclusively packaging (Kim et al. (2005)) to realize the entire
RF module (Zhou et al. (2017); Lin et al. (2004)).
In this paper, we propose a new type of LTCC Integrated Waveguide (LIW) suitable for realiz-
ing true 3D SIW structures at mm-waves and beyond and for their eventual mass production.
In particular, we will introduce Vertical LIW (V-LIW) structures and building blocks that can
be fabricated using a standard LTCC process and we show how they can be used to implement
various function at mm-wave frequencies. Combined with horizontal SIW-type guides when
needed, complex functionality, including E-plane structures, can be implemented over limited
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surface areas. The rest of the paper is organized as follow. Section II describes the vertical
LTCC integrated waveguides, provides an empirical formula to ﬁnd the propagation constant
and cut-off frequency, and explains the loss mechanism and design consideration. Section III
presents proposed transitions to standard waveguides and planar transmission lines. These tran-
sitions are the essential parts for measurement purpose as well as circuit realization. In section
IV, the interesting features of V-LIW in design of millimeter-waves passive circuits through
design will be demonstrated through simulation and successfully measurement of three ele-
mentary circuits: a power divider, a coupler, and two ﬁlters. Finally, conclusions are given in
section V.
3.1 V-LIW structure and design considerations
At mm-wave frequencies, the wavelength becomes sufﬁciently small to make it possible to re-
alize a number of distributed circuits vertically rather than horizontally. The basic element of
such vertical circuits is a new guiding structures which can transfer mm-wave signals in a per-
pendicular direction to the surface. Fig. 3.1 illustrates how such a structure can be realized in a
multi-layer printed circuit technology, particularly LTCC, and compares the proposed V-LIW
structure to the conventional SIW alternative. However, in order design and build meaningful
circuits and functions, a number of building blocks are required in addition to the V-LIW. The
main such building blocks are illustrated in Fig. 3.2 and will be addressed in the subsequent
sections of the paper.
3.1.1 V-LIW structure’s basics
In the LTCC process, each layer of green tapes can have a different combination of ﬁlled vias
and printed metallic lines. Thanks to the powerful laser processing, as long as the mechanical
integrity of green tapes is preserved, the vias can have almost arbitrary shapes. To have a
perfect vertical dielectric ﬁlled rectangular waveguide, four rectangular vias are required to
form the side and the broad walls. However, this leads to the complete detachment of the
dielectric between vias. Thus, in the proposed V-LIW, two rectangular vias are used as the
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Direction 
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Figure 3.1 Vertical LTCC Integrated Waveguide (V-LIW) vs
conventional SIW
broad walls, while the two other vias replaced with printed metallic strips. Fig. 3.3.a illustrates
the geometry of each of these green tapes. As it can be seen from this ﬁgure, two rectangular
vias are punched in each layer and then ﬁlled with silver paste. The metal residues leaves
around each via during via ﬁlling process are cleaned using a laser process. Thereafter, the
strips are printed on each layer. These ﬁlled and printed layers are then stacked precisely with
four alignment points to form the proposed 3D guiding structure.
With the aid of proposed guiding structure, we can transfer signals vertically to the buried
ceramic layers and also realize passive components in a perpendicular plane to the surface. The
introduced vertical LIW will address all the limitations and drawbacks of conventional SIW
and Lego-like 3D SIWs, mentioned earlier in introduction section. It will not only signiﬁcantly
reduce the footprint size of the components and save the circuit’s surface for mounting active
components, but also it will allow for easy implementation of E-plane structures. Moreover,
the proposed Vertical LIW (V-LIW) can push the upper-frequency limit of realizing passive
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Figure 3.2 Main building blocks in a waveguide system
components with SIW. In our proposed V-LIW, printed metallic strips, are used instead of vias.
These metallic strips can be as close as 18.5 μm to each other and enable V-LIW to potentially
operate at much higher frequencies and eventually in terahertz frequencies.
The working mechanism of V-LIW is very similar to its antecedents, rectangular waveguide,
and SIW, however utilizing the metallic strips instead of continuous side walls or vias could
change its properties and the design considerations. Thus, in the following subsections, we will
discuss the main properties of a guiding structure: propagation constant, cut-off frequency and
loss performance.
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3.1.2 Propagation constant and cutoff frequency
Fig. 3.3.b depicts the geometry model of V-LIW with all impactful parameters. It should
be noted that in this geometry, and also throughout the paper where it is not essential, the
dielectric is made transparent to show more details of the designs. The discontinuities of side
walls, realized by metallic slots, has an impact on the propagation constant and consequently
on the cut-off frequency of the waveguide. This impact can be simulated with full-wave ﬁnite
element commercial softwares such as HFSS (ANS) and HFWorks (HFW). It should be noted
that, like any other SIW structure, since the current on the side walls cannot be continuous,
the V-LIW only supports the propagation of TEn0 modes. The phase constant for dominant
mode of V-LIW, TE10, can be calculated from the phase difference between the transmission
coefﬁcients of two length of a line, given by (Deslandes & Wu (2002)):
βSIW =
∠SL221 −∠SL121
L1−L2 (3.1)
Furthermore, the cut-off frequency of V-LIW can be found by calculating the propagation
constant for different frequencies and ﬁnding the frequency in which the real and imaginary
parts of the propagation constant are equal (Deslandes & Wu (2006)). However, it would
be beneﬁcial to ﬁnd the equivalent rectangular waveguide width as a function of V-LIW’s
parameters in order to estimate the phase constant of V-LIW in the guiding region to facilitate
the analysis of this guiding structure. Later, this equivalent waveguide can be used in all design
processes before the ﬁnal simulation. An empirical expression in (Xu & Wu (2005b)) and a
theoretical formula in (Che et al. (2008a)) have been presented for the equivalent rectangular
waveguide width of the conventional SIWs with cylindrical vias, however those cannot be used
here due to too much differences in the shape of vias between our work and those. In order
to ﬁnd the equivalent width, the propagation constant for a series of V-LIWs with different
geometries has been calculated, then the width of rectangular waveguides which produce the
same propagation constants has been found, and ﬁnally an empirical formula for equivalent
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Figure 3.3 (a) Multilayer LTCC process forming V-LIW. (b)
Geometry of Vertical LTCC Integrated Waveguide after stacking
width has been obtained by applying the least square approach (Chapra (2005)). This procedure
leads to the following expression:
aeq = a
⎡
⎣0.995+0.2017(h− t
a
)
+0.7748
(
h− t
a
)2
+0.005
( t
h
)2⎤⎦
(3.2)
where aeq is the equivalent rectangular waveguide width, a is the actual width of V-LIW, t is
the thickness of printed metals, and h is the gap between two consecutive printed strips which
equals to the number of layers between them times thickness of each layer. To verify the
accuracy of (3.2), the phase constant for two different frequency bands, V-band and W-band,
and also for two different widths of V-LIW are simulated and plotted in Fig. 3.4 and Fig.
3.5 along with the phase constant for rectangular waveguides with equivalent widths given by
(3.2). It should be noted that the chosen dielectric for V-band and W-band are Dupont 9k7
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(εr : 7.1) and Ferro A6M (εr : 6.21) respectively. As we can see in these ﬁgures, results are in
agreement. In fact, (3.2) provides a precision better than 0.2% in the non-dispersive region and
it is valid for h << λg/2.It should be noted that for the case, t equals to h, aeq approaches a.
This behaviour follows our expectation from the geometry of our integrated waveguide, where
the V-LIW becomes a simple rectangular waveguide.
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3.1.3 Loss mechanism
RF signals passing through the V-LIW are attenuated due to losses. αT is the total attenuation
constant of V-LIW and like any other guiding structure, has three parts: Conductor loss (αC),
Dielectric loss (αD) and Radiation loss (αR):
αT = αC+αD+αR (3.3)
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The ﬁrst two parts are due to the lossy materials with which the V-LIW is constructed and they
are almost identical to the ones for the conventional ﬁlled rectangular waveguide with the same
dimensions and materials, given by (Pozar (2009)):
αD =
k2tanδ
2β
(3.4)
αC =
Rs
a3bβkη
(2bπ2+a3k2) (3.5)
where k is the wave number of the unbounded homogeneous medium, β is the phase constant,
Rs is the surface resistivity, tanδ is the dielectric loss tangent of LTCC green tapes, and η is
the intrinsic impedance of the waves in the dielectric.
For LTCC systems with crystallizing dielectric like DuPont 9k7 and Ferro A6M, which are
usually used in the millimeter waves, the dielectric loss tangent at frequencies around 60 GHz
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is about 0.001± 0.0005 leads to a dielectric loss about 0.2 dB/cm from (3.4). Furthermore,
the metals in LTCC systems are usually silver and gold with the conductivity of 6.1× 107
and 4.1× 107, respectively. The conductor loss factor for these conductivities lies in about
0.15 dB/cm using (3.5).
Radiation loss, unlike conductor and dielectric loss, depends on the form and geometry of the
waveguide. Since the V-LIW is not a closed structure and it does not have complete walls on all
sides, a part of travelling signal radiates from the gaps between the slots forming the side walls.
In order to calculate radiation loss, one can use numerical methods or full-wave simulation
software. The attenuation constants, extracted from simulation, for a V-LIW designed for V-
band is illustrated in Fig. 3.6.
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Figure 3.6 Attenuation constants for a V-LIW at V-band;
a : 1340μm,b : 700μm,h : 224μm, t : 8μm,
and surface roughness 2μm
For this waveguide, which is a practical V-LIW of interest, the radiation loss is almost zero.
However, if the pitch of printed strips increases, by increasing the number of layers between
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the printed strips or using thicker LTCC layers, the radiation loss will increase. Nominal LTCC
tape thickness range from 20 μm to 300 μm for a single tapes. To assess the impact of spacing
between strips on rdaiation, Fig. 3.7 shows the simulated radiation loss versus the normalized
spacing between strips (h) at 60 GHz, the mid-band frequency at V-band. From this ﬁgure and
with the previous knowledge that the conductor and the dielectric losses are about 0.2 dB/cm
and 0.1 dB/cm respectively, we can ﬁnd that the pitch should be smaller than the quarter of
wavelength before the radiation loss becomes dominant. This condition could be always met
without difﬁculty; noticing that the thickness of LTCC green tapes is usually less than 300 μm
which is much smaller than the wavelength in millimeter-wave frequencies. On the other hand,
considering that 20 μm LTCC green tapes (Ferro A6M) have recently been available, the pro-
posed V-LIW potentially works up to 1.5 THz before the radiation loss becomes dominant.
Fig. 3.7 shows different regions of V-LIW operatoin when the spacing between printed metalic
strips increases. In this plot, the guiding region is the region where radiation loss is not domi-
nant and is less than conductor and dielectric losses. The leakage region is the region where the
radiation part is larger than the conductor and dielectric loss by several orders and V-LIW can
be used in the design of applications like an antenna. Between these two regions, the structure
has radiation losses too high to be a viable waveguide and too low to be a leaky-wave antenna.
This region, known as the forbidden region (Deslandes & Wu (2006)), should be avoided.
3.2 V-LIW circuits building blocks
In order to use V-LIW interconnections in a millimeter-wave system and also to be able to real-
ize V-LIW passive circuits, certain building blocks which are commonly utilized in numerous
communication systems are introduced here. These blocks include (i) Transition from WR15
(WR10), standard waveguide for V-band (W-band), to the V-LIW (ii) Transition from CPW to
V-LIW, and (iii) Transition from conventional horizontal LIW to the V-LIW (90-degree bend)
(iv) T-Junction. A back to back transition from CPW to V-LIW, which is essentially a combi-
nation of transition (ii) and (iii), is also presented.
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Figure 3.7 Radiation loss for a V-LIW as a function of the pitch
of printed strips normalized to the wavelength at 60 GHz;
a : 1340μm,b : 700μm,h : 224μm, t : 8μm,
and surface roughness 2μm
3.2.1 Transition from V-LIW to standard waveguides
Waveguide adaptors are widely used to connect millimeter-wave components to measuring
equipment. These adaptors essentially consist of pieces of hollow waveguides, and a ﬂange
for joining sections. The dimensions of these hollow waveguides are generally identical to the
standard waveguide for the desired band of frequency. A transition from the proposed V-LIW
to those empty standard waveguide should, therefore, be considered for measurement by these
adaptors.
For the same cut-off frequency, the dimension of V-LIW and the standard waveguide are very
different, since the V-LIW is a type of high permittivity dielectric ﬁlled waveguide contrary to
standard air-ﬁlled waveguides. Thus, to have a smooth transition, the dimensions of the waveg-
uide should progressively be increased and also the dielectric should gradually be removed.
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The geometry of designed transition is illustrated in Fig. 3.8.
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Figure 3.8 Geometry of transition from standard waveguides to
V-LIW (a) front view and (b) side view
This transition is designed for V-band frequencies and it consists of 19 LTCC green tape lay-
ers, with the thickness of 224 μm each. The width and height of the waveguide are linearly
increased in each layer to go from V-LIW’s width and height to the ones for WR15, the V-
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band standard waveguide. As a starting point, the dimension of cavities can be selected by
Klopfenstein impedance taper method (Pozar (2009)) for the transition of the wave impedance
from V-LIW to WR15. Klopfenstein method guarantees the optimum return loss for a given
taper length (Pozar (2009)), however it is not true in our case. This is because there are un-
avoidable slabs of dielectric next to the rectangular vias which are needed for the mechanical
integrity of the structure in the fabrication process. These slabs make it impossible to realize
the required impedance, needed by Klopfenstein method, in the last several layers toward the
standard waveguide. Therefore, the dimensions of the cavities should be optimized to obtain
the best result.
It should be noted that, if one is interested only in a portion of the band, not the entire V-
band, the length of transition could be signiﬁcantly smaller. In order to show this, here we also
optimized this transition with only 8 LTCC layers for operating frequencies from 57 GHz to
64 GHz, which is a very popular unlicensed band of interest in V-band. Furthermore, a same
type of transition in W-band, from V-LIW to WR10, is designed and simulated. All optimized
dimensions for these three transitions are listed in Table. 3.1 and the simulation results are
shown in Fig. 3.9, Fig. 3.10, and Fig. 3.11. It should be noted that although this transitions
shows good performance on entire band, they are still subject to all limitations and drawbacks
of rectangular waveguide like dispersion region and higher order modes.
A pair of optimized transition for V-band frequencies has been fabricated and measured in a
back to back conﬁguration using WR15 waveguide adaptors and N5247A PNA-X network an-
alyzer. Photographs of fabricated transition are shown in Fig 3.12. A TRL calibration has been
carried out to eliminate the effect of waveguide adaptors (Williams (2010)). The measurement
and the simulation results for the entire back to back transitions are plotted in Fig 3.13. Fur-
thermore, this transition enables us to solely measure a V-LIW transmission line using TRL
calibration at V-band and extract its loss performance. Fig. 3.14 compares the simulated and
measured loss performance of fabricated V-LIW. Overall, the measured return loss is better
than 15 dB from 53 GHz to 67 GHz.
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Table 3.1 Parameters of V-LIW to the
standard waveguides transition
Parameters V-band Unlicensed 60 GHz W-band
LTCC type Dupont 9k7 Dupont 9k7 Ferro A6M
Permittivity 7.1 7.1 6.21
Number of layers 19 8 16
a 1340μm 1340μm 960μm
b 672μm 672μm 336μm
Layers’ Thickness 224μm 224,μm 187μm
Slab’s width 400μm 400μm 400μm
W1 214μm 350μm 203μm
W2 363μm 683μm 356μm
W3 496μm 1025μm 509μm
W4 627μm 1386μm 664μm
W5 760μm 1708μm 821μm
W6 890μm 2095μm 979μm
W7 1000μm 2975μm 1138μm
W8 1150μm 3205μm 1296μm
W9 1310μm - 1454μm
W10 1480μm - 1609μm
W11 1650μm - 1762μm
W12 1820μm - 1912μm
W13 2070μm - 2058μm
W14 2390μm - 2201μm
W15 2575μm - 2340μm
W16 2670μm - 2476μm
W17 2800μm - -
W18 3150μm - -
W19 3554μm - -
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Figure 3.9 Simulation results for transition from V-LIW to
WR15 standard waveguide for V-band
Figure 3.10 Simulation results for transition from V-LIW to
WR15 standard waveguide for unlicensed 60 GHz
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Figure 3.11 Simulation results for transition from V-LIW to
WR10 standard waveguide for W-band
Figure 3.12 Fabricated transition from V-LIW to the standard
waveguide for V-band frequencies; (a) top view photograph (b)
X-ray photograph of inside of transition
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Figure 3.13 Simulation and measurement results for back to
back transition from V-LIW to WR15
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Figure 3.14 Simulated and measured loss performance of a
V-LIW transmission line at V-band frequencies
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3.2.2 Transition from V-LIW to CPW
The interconnection between the V-LIW and other millimeter-wave components such as active
devices and MEMS switches usually requires a transition to planar transmission lines. This
transition can also be used to connect the V-LIW passive components to high-frequency CPW
measurement probes.
Fig. 3.15 and Fig. 3.16 depict two proposed transitions from V-LIW to CPW. In these transi-
tions, an L-shape loop is used to excite TE10 mode of V-LIW and then this loop connects to
a CPW line. These two transitions are almost the same except in the former the CPW is di-
rectly connected to the V-LIW, while in the latter one layer of half coaxial line is used between
V-LIW and CPW.
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Figure 3.15 (a) Geometry of direct V-LIW to CPW transition
(Transition 1), (b) section cut at AA, and (c) top view. Dimensions
are given in μm
The idea of waveguides excitation with an L-shape loop has been previously used in the end-
launcher coaxial to waveguides transitions (Wheeler (1966)). As it can be seen in the Fig. 3.15,
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Figure 3.16 (a) Geometry of V-LIW to CPW transition by one
layer half coax middle section (Transition 2), (b) section cut at
AA, and (c) top view. Dimensions are given in μm
a via-probe which is shorted to the body of V-LIW forms a current loop to excite magnetic ﬁelds
of TE10 mode. The length and the position of this via-probe, and also the length and the width
of the shorting strip should be selected as such the transition provides the same impedance as
the CPW line on the top. The analytical expression for real and imaginary parts of the input
impedance in a waveguide entrance using the loop coupling model and the probe coupling
model have been provided in (Deshpande et al. (1979)) and (Saad (1990)), however since not
every length of via-probes can be fabricated and we are limited to the discrete number of LTCC
layers, an optimization using commercial softwares is required to obtain best possible matching
and return loss. The proposed transition has been simulated and optimized using ANSYS
HFSS to operate at 60 GHz. The optimized dimensions for these transitions considering the
Dupont 9k7 tapes are shown in the geometry ﬁgures. The simulated scattering parameters
of these transitions are illustrated in Fig. 3.17. As it is expected for a probe-type transition,
about 10 percent fractional bandwidth is achieved. This is mainly because the inductance of
the via-probe, which should be cancelled during the transition, is highly frequency dependent.
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It should be noted that the optimized direct transition shows better return loss and it is good
for the case where one wants to test a V-LIW component. On the other hand, the second
transition with a half coaxial is more convenient than the ﬁrst transition for integration with
other components.
Figure 3.17 Simulation results for the transitions from V-LIW to
CPW
3.2.3 Transition from V-LIW to H-LIW
Completing V-LIW library to be used in microwave systems still needs another transition; a
transition to conventional SIW which, for the sake of uniformity of notation is called horizontal
LTCC Integrated Waveguide (H-LIW) here. This transition, which is essentially a 90-degree
bend, along with the previous transition to CPW, enables us to transfer electromagnetic waves
from the top layer to the buried layers using V-LIW and then bring it back to the top.
The geometry of proposed transition is illustrated in Fig. 3.18. This transition consists of two
parts: (i) the part in the V-LIW is an L-Shape end-launcher transition which is discussed in
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the previous subsection, and (ii) the part in H-LIW which is a probe type waveguide transition
from the broad-wall.
The operation mechanism of the proposed transition in the second part is based on the probe
excitation of rectangular waveguides which is widely used in the design of coaxial to conven-
tional waveguides transitions (Wade (2006); Fabregas et al. (1992)) and also more recently
in CPW to SIW transitions (Mukherjee et al. (2013); Deslandes & Wu (2005)). In this type
of transitions, a metallic probe rod operating as a monopole antenna excites the electric ﬁeld
inside the waveguide. This probe is placed vertically along to the smaller side of the waveg-
uide to be parallel to electrical ﬁelds of TE10 mode (Singh & verma (2009)). Furthermore, a
short-circuiting plane at a distance behind the probe is required to ensure the proper radiation
in waveguide propagation direction (Fabregas et al. (1992)). The distance for the case that we
neglect the inductance of the probe is a quarter wavelength, but in fact, for a practical case, it
must be less than that to cancel out the inductance introduced by the probe rod. This distance
along with the length, the diameter, and the off-center positioning of the via are the parameters
of the transition that should be optimized to achieve a smooth transition from V-LIW to the H-
LIW. An experimental method to design this type of transitions is presented in (Wade (2006)).
Furthermore, Mumford in (Mumford (1953)) showed that with only two of three parameters
including length, off-center positioning and distance to the short-circuiting plane of probe rod,
one can match any impedance less than waveguide characteristic impedance. Moreover, a
method to ﬁnd optimum dimensions to provide the widest possible bandwidth for a waveguide
to coaxial cable transition is provided in (Mumford (1953)).
An alternative way to realize the transition from V-LIW to H-LIW is to make a quarter-
wavelength corner using steps formed by rectangular vias, Fig. 3.19. This transition can
provides us better bandwidth. However, by respecting the minimum via to via spacing for our
in-house LTCC process, this transition has slightly more insertion loss due to small radiation
from corners.
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The proposed transition and the corner transition, considering Dupont 9k7 dielectric, have been
optimized using ANSYS HFSS at 60 GHz. The simulation results are plotted in the Fig. 3.20
and it shows that the optimized transitions cover the entire unlicensed band around 60 GHz.
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Figure 3.18 Geometry of V-LIW to H-LIW transition
(a) 3D view (b) top view (c) section cut at AA
In order to examine the proposed transitions and verify the simulation results, a back to back
structure consists of both transitions to CPW and H-LIW is designed and fabricated. As it is
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Figure 3.19 Geometry of V-LIW to
H-LIW corner transition
Figure 3.20 Simulation results for transition from V-LIW to
H-LIW
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depicted in Fig. 3.21, this structure at both sides is terminated to the CPW lines and it can be
easily measured using high-frequency CPW probes. The simulation and measurement results
of the back to back transitions are plotted in Fig. 3.22 which shows a good agreement between
simulation and fabrication.
Figure 3.21 Geometry of the back to back transition
3.2.4 V-LIW T-Junction
One of the main blocks in many communication systems such as feeding networks of antennas,
is a Tee waveguide junction. Fig. 3.23 shows the geometry of an E-plane V-LIW T-junction,
which is not easy to realize with conventional SIWs. In the middle arm of proposed design, a
three layers pseudo-wedge is added. This pseudo-wedge helps to optimize the power division
and minimize the return loss (Yang & Fathy (2009); Hirokawa et al. (1991)).
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Figure 3.22 Simulation and measurement results of the back to
back structure from V-LIW to CPW
The designed T-junction has been optimized for the unlicensed band around 60 GHz. The
optimized scattering parameters of this structure are plotted in Fig. 3.24.
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Figure 3.23 Geometry of E-Plane V-LIW T-Junction
side view, and matching wedge
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Figure 3.24 Simulation results of a T-Junction V-LIW
3.3 V-LIW application to design passive circuits
The Proposed Vertical LTCC Integrated Waveguide has been fully characterized in the previous
sections together with the main building blocks which are required to realize almost every
communication system. In this section, the V-LIW’s interesting features and capabilities, will
be demonstrated by designing and testing three frequently used passive components: a E-plane
power divider, a coupler, and two ﬁlters.
3.3.1 V-LIW E-Plane power divider
The E-plane power divider, as a basic component, is widely used to introduce new guiding
lines (Germain et al. (2003); Parment et al. (2015b)). As one of the interesting capability of
our proposed V-LIW transmission line, we designed a highly compact anti-phase E-plane T-
junction power divider. The geometry of the designed power divider is illustrated in Fig. 3.25.
This power divider is essentially a combination of a V-LIW T-junction, two 90-degree V-LIW
bends, and the CPW to V-LIW transitions which are used in the input and output sections, to
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conveniently measure the power divider with CPW probes. Moreover, a 90-degree CPW bend
is attached to two of the outputs to facilitate probe alignment in the 3-port measurement set-up.
(a)
(b)
Figure 3.25 Geometry of V-LIW
E-plane power divider (a) top
view, and (b) side view
The designed power divider has been optimized to operate between 57 GHz and 64 GHz; in the
unlicensed segment of the V-band. The simulated and measured return loss and insertion loss
are given in Fig. 3.26. This ﬁgure shows the designed power divider has a return loss of better
than 14 dB (11.4 dB measured) over the entire unlicensed band. The simulation transmission
loss from port 1 to port 2 and port 3 are 3.8 ± 0.1 in the desired band. An amplitude imbalance
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of ±0.05 dB (0.5 dB measured) and a phase imbalance of better than ±0.8◦ (0.8◦ measured)
has been achieved for this power divider.
Figure 3.26 Scattering parameters of the V-LIW E-Plane power
divider. Solid lines are simulated and dash-lines are measured
results
3.3.2 V-LIW multihole bethe directional coupler
Another basic component that we have selected to implement by our new guiding structure
is multi-hole Bethe coupler. This type of couplers consists of one or several small holes that
couple the wave from a rectangular waveguide to another which have a broad wall in common
(Pozar (2009)). The holes could be circles, rectangles or any arbitrary shapes, however, we are
limited to the rectangular holes for implementation with V-LIW.
The designed V-LIW directional coupler in V-band frequencies is illustrated in Fig. 3.28. It is
worth mentioning that to realize the apertures between the V-LIWs, we have partially drilled
the rectangular vias in corresponding layers, thus the non-drilled parts works like a coupling
aperture between two waveguides.
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(a)
(b)
Figure 3.27 Fabricated E-plane power divide, (a) top view
photograph (b) X-ray photograph of inside of LTCC
In order to ﬁnd the parameters in this geometry, we followed the design procedure presented
in (Pozar (2009)) with some modiﬁcations for the rectangular slot. Following this procedure,
it can be found that the spacing between the center of the rectangular slot and the center of the
waveguide (s) should be a quarter of the waveguide’s width (a/4) to maximize the isolation.
Subsequently, with this spacing, the coupling for two identical rectangular slots is given by:
C(dB) =−20log
(
πεωβ 2
16P10k2
)
−20log(2law2a) (3.6)
where P10 is deﬁned by:
P10 =
abβ
kη
(3.7)
It should be noted that in the derivation of (3.6), the electric and magnetic polarizabilities of
a rectangular slot are considered identical and equal to 116πlaw
2
a (Montgomery et al. (1948)).
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Figure 3.28 Geometry of V-LIW coupler; (a) top view, (b) Side
view, and (c) section cut at AA
Furthermore, since the spacing between two slots should be a quarter of guided wavelength, we
recommend selecting a width of the V-LIW for that the equivalent waveguide width provides
us an integer number of layers for this spacing.
Table. 3.2 lists the coupler’s optimized parameter to have a 20 dB coupling at 60 GHz. It is
worth mentioning that we have only optimized the width of the slot which was 430 μm in the
calculation. The difference is mainly because, in the derivation of the coupling factor, there is
an estimation assuming the radiation from a small aperture in a thin metal layer between two
waveguides which is not the case here. Fig. 3.29 is the photographs of fabricated coupler with
DuPont 9k7 dielectric. The simulation and measurement results of the optimized coupler are
illustrated in Fig. 3.30. As it can be seen from this ﬁgure, the designed coupler provide about
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the 20 dB (22 dB measured) coupling from the 58 GHz to 62 GHz, the return loss, and isola-
tion in this band are better than 17 dB (13.3 dB dB measured) and 32.5 dB (25 dB measured)
respectively. It should be noted that the level of coupling is proportional to the size/number of
the side apertures. In the vertical arrangement, these parameters are limited by the thickness
of the LTCC stack. The more layers we use or the higher frequency we go to, the higher the
maximum achievable coupling level becomes.
Table 3.2 Parameters of V-LIW coupler
Parameters Value Parameters Value
LTCC type Dupont 9k7 Permittivity 7.1
a 1296.5 μm b 740μm
λ/4 6×112μm s 322.5μm
la 560μm wa 550μm
3.3.3 V-LIW ﬁlter
The substrate integrated waveguide has been widely used in the design of millimeter-waves
directed coupled cavity ﬁlters (Dancila et al., 2011; Deslandes & Wu, 2003a; Choi et al., 2004;
Deslandes & Wu, 2003b; Yun et al., 2005). In these ﬁlters, the cavity resonators are usually
coupled to each other using iris post walls (Chen & Wu, 2008a) or apertures in case cavities
are located in different layers (Hao et al., 2005).
In order to show the suitability of proposed V-LIW in ﬁlter realization, we have designed two
ﬁlters: a simple 5th order fully V-LIW direct coupled resonators ﬁlter at W-band and also a 9th
order ﬁlter at V-band which has the 90-degree bend and transition to CPW.
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Figure 3.29 Fabricated coupler, (a) top view photograph (b)
X-ray photograph of inside of LTCC; the X-ray photo has been
taken from downside to show the coupling apertures
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Figure 3.30 Simulation and measurement results of V-LIW
coupler; S21 is multiplied by 5 to show more detail
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3.3.3.1 5th order W-band Chebyshev ﬁlter
The geometry of designed ﬁlter based on V-LIW is illustrated in Fig. 3.31. It is composed
by ﬁve cavity resonators in a row. These cavities are coupled by iris discontinuities which are
formed by printed metals. The design parameters of this ﬁlter are the length of cavities (li)
and irises’ opening length (di). In order to determine these parameters, a method that is a
combination of the methods in (Bui et al., 1984) and (Cohn, 1957) has been used. The design
procedure is quite straightforward and it can be summarized in the following steps.
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Figure 3.31 Geometry of V-LIW 5th order W-band ﬁlter and
sample layers
84
Step 1: Solve (3.8) to determine the mid-band guided wavelength λ0.
λglsin(
πλg0
λgl
)+λghsin(
πλg0
λgh
) = 0 (3.8)
where λgl and λgh are the guided wavelength at lower and upper cut-off frequencies
respectively.
Step 2: Find the normalized iris reactances at λg0 by
Xi,i+1 =
L√
gigi+1
1− L2gigi+1
i= 0 : n (3.9)
where n is the order of the ﬁlter, gi is the Chebyshev’s low pass ith element (Cohn, 1957)
and L is deﬁned by
L=
π
ω ′
[
λgl −λgh
λgl +λgh
]
(3.10)
in which ω ′ is the pass-band edge of the prototype low-pass ﬁlter.
Step 3: Determine the length of cavity resonators (lci) by
lci =
λg0
2
− λg0
4π
[
tan−1
[
2Xi+1
]
+ tan−1
[
2Xi
]]
(3.11)
Step 4: Obtain the iris’s opening length (di). This is accomplished by ﬁnding di for which
(3.12) provides us the same Xi as in step 2 (Marcuvitz, 1951).
Xi =
a
λg0
tan2
πd
2a
⎡
⎢⎣1+ 34
⎡
⎣ 1√
1−
(
2a
3λ
)2 −1
⎤
⎦sin2 πd
a
+2
( a
λ
)2[
1− 4
π
E(α)−β 2F(α)
α2
.
E(β )−α2F(β )
β 2
− 1
12
sin2
πd
a
⎤
⎦
⎤
⎥⎦
(3.12)
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where α is sin(πd2a ), β is cos(
πd
2a ), and F(α) and E(α) are complete elliptic integrals of
the ﬁrst and second kind, respectively.
The design procedure is completed in step 4, however in most cases (3.11) leads to cavity
lengths that are not possible to realize by a discrete number of layers. To address this problem,
we assign closest feasible thickness as the cavity length and then modify the correspondent
cavity width to keep resonance frequency the same at each resonator using following equation:
aci =
1√
( 1lci )
2+ 1a
2− ( 1li )2
(3.13)
where aci is the width of ith cavity.
This procedure has been used to design a ﬁlter with an operation bandwidth from 87 GHz to
98 GHz and the passband ripples of 0.005 dB. Ferro A6M LTCC sheets with the dielectric
constant of 6.21 and thickness of 93.98 μm have been utilized. An initial width of 960 μm has
been chosen for the ﬁrst and last sections of the V-LIW ﬁlter to be consistent with the one in
V-LIW transition for W-band. Table 3.3 includes all parameters have been calculated following
steps in design procedure.
The designed ﬁlter is then simulated and optimized using ANSYS HFSS. The optimized values
of V-LIW width and iris’ opening length along with associated errors are listed in Table 3.4. It
should be noted that the error in the calculation of di is mainly due to the fact that (3.12) has
been found for discontinuities between cavities with identical width, while in our case, as we
discussed above, we have modiﬁed the width of V-LIW.
3.3.3.2 9th order V-band Chebyshev ﬁlter
The previous ﬁlter shows the excellent performance of V-LIW in ﬁlter design, however, that
conﬁguration is not suitable to be integrated with other components of a communication circuit.
In a new model, we combine the proposed transitions in section III and the iris openings which
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Table 3.3 Parameters of W-Band V-LIW
ﬁlter from theoretical method
i gi Xi−1,i lci (μm) di (μm) li (μm) aci (μm)
1 0.9984 0.9346 618.53 678.83 657.86 848.71
2 1.3745 0.3375 724.93 498.52 751.84 905.78
3 1.8283 0.2383 756.66 418.38 751.84 970.95
4 1.3745 0.2383 724.93 418.38 751.84 905.78
5 0.9984 0.3375 618.53 498.52 657.86 848.71
6 - 0.9346 - 678.83 − −
Table 3.4 V-LIW pptimized dimensions
and relative errors to the theoretical
method
i di (μm) Error (%) aci (μm) Error (%)
1 610 10.13 878 3.45
2 425 14.74 890 1.74
3 360 13.95 950 2.15
4 360 13.95 890 1.74
5 425 14.74 878 3.45
6 610 10.13 − −
have also been used in W-band ﬁlter to realize a ﬁlter with co-planar inputs in the same plane.
Fig. 3.33 depicts the proposed ﬁlter. This ﬁlter has four sections: (i) CPW to V-LIW transitions,
(ii) V-LIW sections, (iii) V-LIW to H-LIW transition (iv) H-LIW section. The iris openings
and inductive posts are located in V-LIW and H-LIW sections respectively to form cavity
resonators. Therefore, the transition sections are also used as resonators which leads to having
more compact design.
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Figure 3.32 Simulation results of W-band V-LIW 5th order ﬁlter
The drawback of this new structure is, we achieve a more convenient design for integration,
at the expense of a more complicated structure which makes almost impossible to provide a
fully analytical design procedure. To ﬁnd an acceptable starting point for optimization, one can
follow the previous design procedure with certain considerations as below:
I: In the ﬁrst (and last) resonator, the designed transition from CPW to V-LIW should be
added. Then the position of this transition in the XY plane and also the aperture diameter
where the signal via comes into the V-LIW have to be adjusted to provide the external
quality factor (Qext) and coupling factor (k) given by Harle (2003):
Qext in =
g0g1 f0
BW
(3.14)
Qext out =
gngn+1 f0
BW
(3.15)
ki,i+1 =
BW
f0
√
1
g0gi+1
(3.16)
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Figure 3.33 Geometry of 9th order V-LIW ﬁlter.
The green parts are iris discontinuities
(a) 3D view (b) section cut at AA
where BW is the bandwidth and f0 is the center frequency corresponding to mid-band
guided wavelength found by (3.8). The external quality factor for this resonators can
be extracted from ANSYS HFSS simulation in association with a MATLAB code. This
code has been written by authors based on (Kajfez, 2005).
89
II: For the second transition, between V-LIW and H-LIW, like the ﬁrst transition, with ad-
justing the lateral position of transition and the aperture diameter, the desired coupling
between third and fourth resonators can be achieved. It should be noted that the lengths
of these cavities have to be optimized at the same time to keep the resonance frequency
of the coupled resonators unchanged.
III: Two inductive posts are used to realize the coupling between fourth and ﬁfth resonators.
The distance between these two posts determines the level of coupling. This distance
can be estimated by (3.12) and then applying the formula for effective width of SIW,
presented in (Xu & Wu, 2005b).
Applying the presented method, we have designed and optimized a ﬁlter for unlicensed 60 GHz
applications. The ﬁlter is targeted at 58 GHz to 62 GHz with pass-band ripples of 0.005 dB.
The ﬁlter has been designed following the analytical procedure presented in the previous part
of this section, then the steps, presented here, carried out one by one to have a fast and accurate
optimization. Dupont 9k7 LTCC tapes with a permittivity of 7.1 are used to realize the desired
ﬁlter. The LIW width in both sections, V-LIW and H-LIW, is 1428 μm. Table 3.5 includes
the optimized dimensions for proposed ﬁlter, the dimensions which are not listed in this table
can be found from either symmetry of the ﬁlter or dimensions for the transitions presented in
previous sections.
Fig. 3.34 shows the simulation and fabrication of the V-LIW V-band ﬁlter. As it can be seen
from this ﬁgure, the results are in good agreement. The measured ﬁlter has a return loss of
better than 15 dB over the entire unlicensed band and an insertion loss of 2.1 dB at 60 GHz. A
photograph of fabricated ﬁlter and an X-ray photograph of inside LTCC are illustrated in Fig.
3.35.
3.4 Conclusion
In this paper, we proposed a new guiding structure, named Vertical LTCC Integrated Waveg-
uide (V-LIW), for multi-layer fabrication technologies. The proposed transmission line allows
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Table 3.5 Parameters of V-Band V-LIW
9th order ﬁlter
Parameters Value Parameters Value
l1 1232μm d3 655μm
l2 1008μm xp_T1 366μm
l3 1344μm yp_T1 714μm
l4 995μm xp_T2 600μm
l5 1187μm yp_T2 534μm
d1 620μm R1 202.5μm
d2 490μm R2 136μm
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Figure 3.34 Simulation and measurement results for V-band
V-LIW ﬁlter
us to integrate the passive components in the perpendicular direction to the surface. The char-
acteristics of V-LIW are fully presented, and three different transitions have also been proposed
to interconnect this line to the standard rectangular waveguides, coplanar waveguides, and con-
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(a)
(b)
Figure 3.35 Fabricated V-band V-LIW ﬁlter (a) top view
photograph, and (b) X-ray photograph of inside of LTCC ﬁlter
ventional horizontal SIW. Furthermore, the superior capabilities of V-LIW for designing com-
pact 3D circuits have been demonstrated through designing different elementary components:
two Filters, T-Junction power divider, and a coupler. The transitions, as well as the 3D circuits,
are successfully fabricated and measured in LTCC. The authors envision that the proposed V-
LIW to be an excellent candidate for the millimeter-wave compact 3D circuits, where highly
integrated low loss structures are desired.

CONCLUSION AND RECOMMENDATIONS
In this thesis we investigated different solutions to improve performance of different circuity re-
alized with low temperature co-ﬁred ceramic (LTCC) technology at microwave and milimeter-
wave frequencies. The ultimate objective was to advance the current realization techniques
and process to design ultra low-loss and highly compact components and circuits which are re-
quired by the next generation of system-on-package solutions for upcoming services like 5G. It
has been successfully shown through test and measurement that using our proposed structures,
one can design passive circuits with functionalities and performances which are not offered by
other techniques and technologies.
In the ﬁrst part of thesis, a structure to realize suspended and virtually thick conductors has
been proposed. Using this technique, several dielectric-free suspended lumped element induc-
tors and capacitors have been designed and tested. These lumped components have shown
signiﬁcantly better performance compared to the exact same components fabricated by con-
ventional methodso. Also, these components outperform all the reported lumped components
in the literature in terms of quality factor and self resonance frequency which are the two key
parameters to compare the performance of lumped elements. With the aid of these high SRF
components, a band-pass lumped element Ku-band ﬁlter has been designed and successfully
measured. The realization of this ﬁlter has shown that using the proposed structure the band
in which the lumped components are applicable has been broaden at least twice time. In fact,
we showed that using this technique, lumped element circuits can be realized at Ku-Band and
potentially even higher frequencies before the size of components become too small to be fab-
ricated.
In the second part of the thesis, a novel structure has been proposed to realized empty LTCC
integrated waveguide (E-LIW). In this guiding structure, the inside dielectric has been com-
pletely removed which eliminates the dielectric loss and provide an ultra low-loss interconnec-
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tion. Furthermore, a novel transition from (E-LIW) to dielectric-ﬁlled waveguide and CPW has
been proposed. This transition has shown better performance while it is signiﬁcantly shorter
than other transitions used in the similar waveguides in the literature. A back to back transi-
tion using the proposed transition and E-LIW has been fabricated and successfully tested. This
waveguide and the transitions are well-suited for interconnections and circuitries at millimeter-
wave and above. At lower frequencies, the size of E-LIW become too large to be an interesting
guiding structure.
In the third part of this thesis, a new guiding structure has been proposed to transfer signal in
the perpendicular direction to the surface. This new transmission line, dubbed vertical LTCC
integrated waveguide (V-LIW), enables us to design out-of-plane structures like E-Plane power
divider for which conventional methods do not provide any fully embedded solutions. More-
over, V-LIW helps to use less foot-print area which is very valuable in small SOP module for
placing active devices. A set of waveguide transitions and discontinues have been designed and
presented to complete this waveguide’s family. This includes a transition to standard waveg-
uide, a transition to planar waveguide, a 90 degrees bend (transition to conventional LIW), and
a T-junction. Using these blocks, three elementary passive components including a power di-
vider, a coupler and a ﬁlter have been designed and successfully tested at V-band frequencies.
It should be noted that, waveguide and passive components designed by V-LIW are particularly
of interest at V-band and above where the dielectric could be thick enough to realize vertical
structures.
For the future work, we see many research opportunities in this ﬁeld. While in the dielectric-
free suspended lumped elements and E-LIW transmission line the dielectric loss is removed,
the conductor loss is still present and untouched. The conductor loss can be reduced by reduc-
ing surface roughness and also be increasing the skin depth at the band of interest. The surface
ﬁnish could be improved by polishing the LTCC surface and sputtering conductors. Also, one
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can increase the effective skin depth by making the conductor multi thin layers. Moreover,
while several passive circuits using V-LIW have been presented in this thesis, one can design
plenty of other structures using this new guiding structure. A millimeter-wave corrugated horn
antenna or a duplexer are interesting options to be consider for this purpose. Also, with the
same manner, one can realize the circular integrated waveguide as well which is very interest-
ing considering circular waveguide in TE11 mode has the best loss performance. Moreover,
realization of integrated tall waveguide can be consider to improve loss performance at very
high frequencies like terahertz.
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